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Chemical pulping processes use various reagents to selectively
remove lignin from wood and minimize carbohydrate degradation. Removal of
lignin enables wood fibers to be separated and formed into a suitable paper
sheet.
Key reactions to lignin removal are: (1) nucleophilic addition to
extended carbonyl carbon (or unsaturated carbon) centers in quinonemethide
intermediates, and (2) nucleophilic displacement at saturated carbon centers
of B-aryl ethers through a neighboring group mechanism. Two model compounds
were chosen to study nucleophilicities of pulping ions toward unsaturated and
saturated sites at high temperatures in water.
Reactions at unsaturated carbon centers were modeled using cis-
cinnamic acid. Nucleophilic addition under alkaline conditions at 195°C was
followed by monitoring the isomerization rate to trans-cinnamic acid. Addi-
tion products of cis-cinnamic acid were synthesized and found to rapidly
convert to trans-cinnamic acid upon heating in alkali. Anthrahydroquinone ion
was two times more reactive than hydroxide ion, while hydroxide and hydrosul-
fide ions were similar in nucleophilic strength.
Since hydroxide ion is known to be a strong base at 170°C, abstrac-
tion of an olefinic hydrogen atom could possibly result in isomerization.
Therefore, the reactions of a,B-dideutero-cis-cinnamic acid were investigated.
The rate of isomerization for the deuterated compound was 1.07 times slower
than that of the nondeuterated compound, indicating proton abstraction is not
the rate-determining step. Initial production of a,B-dideutero-trans-cinnamic
acid was also observed. The a-deuterium of a,B-dideutero-cis-cinnamic acid,
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however, was rapidly exchanged for an a-hydrogen atom in alkali at 195°C
without loss of the cis-geometry. It was concluded that isomerization result-
ed from addition-elimination rather than proton abstraction.
Reactions at saturated carbon centers were modeled using 3-[3'-
(a,a,a-trifluoromethyl)phenoxymethyl]benzoic acid. Under alkaline conditions
at 195°C, nucleophilic displacement of the phenolic group attached at the
benzyl carbon resulted in formation of various primary products which were in-
dependently synthesized and heated in alkali to determine their stability.
Hydrosulfide ion was 20 times more reactive than hydroxide ion, while anthra-
hydroquinone ion was 17 times more reactive.
Extension of these results to pulping systems suggests that anthra-
hydroquinone ion would be very effective in additions to quinonemethides,
while sulfur species would be very effective in displacement of B-aryl ethers.
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INTRODUCTION
The kraft pulping process is the dominant method of pulp production,
accounting for over 75% of the pulp produced in the United States. 1 Kraft
pulping replaced soda pulping as the dominant process earlier this century.
Both of these processes are alkaline pulping methods, using hydroxide ions.
The kraft process also employs reactive hydrosulfide ions. Advantages of the
kraft process over the soda process include greater pulping rate, higher pulp
yield and quality, and lower production cost.2
The advantages of kraft pulping were apparent earlier this century.
The chemistry responsible for the enhanced reactivity of the kraft process,
however, was not investigated until recently. Theories for alkaline degrada-
tion of carbohydrates3,4 and lignin5,6 were proposed using soluble model
compounds to simulate reactions of these insoluble components of wood. These
model compound studies appeared to give a good understanding of overall
mechanisms.
In the past 10 years, a new additive, anthraquinone, was introduced
to enhance pulping processes.7 Use of anthraquinone and related compounds
improved pulp yield and quality, and reduced chemical and energy consumption.
Lower capital costs were projected, and the release of malodorous sulfur-
containing compounds was diminished. Investigations were then launched to
understand the chemistry by which anthraquinone enhanced pulping reactions.
The potential for finding new additives renewed interests into understanding
the chemistry behind pulping reactions.
Detailed knowledge of alkaline delignification reactions is needed
to enhance lignin removal and to propose improved processes. A number of
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chemical factors may be critical to the effectiveness of hydrosulfide and
anthraquinone ions during delignification. Greater knowledge of these factors
will expand the theory underlying pulping reactions. One such critical factor
is knowing the nucleophilicities of pulping reagents. In the following
section, nucleophilicity will first be defined, and various effects which
alter nucleophilic order will be described. Our current understanding of
alkaline delignification will then be discussed.
NUCLEOPHILICITY
Reactions of nucleophilic agents serving as pulping reagents is an
important consideration which led to formulation of the conventional mechanism
of kraft delignification. A closer examination of nucleophilicity is neces-
sary to better understand delignification reactions.
A nucleophile is defined as a species having a free electron pair
which is able to form a new bond to a substrate having an electron-deficient
site. A leaving group is usually involved in the reaction and is defined as a
portion of the substrate that is cleaved during reaction. The leaving group
removes an electron pair to maintain no net charge change. Nucleophilicity is
the rate of reaction of one nucleophile relative to another during substitu-
tion reactions under similar conditions. Nucleophilic order is dependent on
the nature of the attacked substrate, the leaving group, the solvent, and the
reaction temperature.8
Four principles are believed to govern the reaction rate:8
1. A nucleophile with a negative charge will be more nucleophilic than
its conjugate acid.
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2. Nucleophilicity is related to basicity when comparing elements of
the same row in the periodic table.
3. Nucleophilicity increases when moving down the same column in the
periodic table. This is true even though basicity decreases.
4. The less associated the nucleophile, the more reactive the nucleo-
phile. The nucleophile may be associated with the solvent or be
part of an aggregation which can either capture or free the nucleo-
phile.
Solution Phase Studies
Swain and Scott have developed the following linear free-energy
relationship to quantitatively correlate relative reaction rates:9
log (k/ko) = sn + s'e (1)
where k = measured rate constant of reaction between the substrate and the
nucleophile
ko = measured rate constant of reaction between the substrate and
water
s = substrate constant which measures the discrimination of the
substrate to react with the nucleophile
s' = substrate constant which measures the discrimination of the
substrate to react with the electrophile (electron-seeking
species)
n = nucleophilic constant which measures the reactivity of the
nucleophile
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e = electrophilic constant which measures the reactivity of the
electrophile
In aqueous solutions, water is defined as the electrophilic species
so that e = 0; thus, Eq. (1) becomes:
log (k/ko) = sn (2)
Using methyl bromide as the standard substrate (s = 1.00, in pure
water at 25°C), Swain and Scott developed a set of nucleophilic constants. 9
These values are shown in a set expanded by Wells10 in Table 1.
Table 1. Nucleophilic constants9, 10
Nucleophile n Nucleophile n
HPSO 2- 6.6 C5H5N 3.6
SyO3- 06.36 Br- 3.53
CN- 5.1 C6HsO- 3.5
S032- 5.1 HCO0- 2.75
HS- 5.1 CH3C 2- 2.72
I- 5.04 C1- 2.70
C6HsNH2 4.49 S042- 2.5
SCN- 4.41 HOCH2C02- 2.5
HO- 4.20 C1CH2CO2 2.2
(NH2)2CS 4.1 2,4,6-(N02)3C6H200 1.9
N3- 4.00 N03- 1.03
H2P04- 3.8 H20 0.00
HC03- 3.8
Good agreement in nucleophilic constants is observed when the
substrate is varied except in the case of hydroxide ion, which reacted abnor-
mally fast with carbonyl carbons. Swain and Scott hypothesized that the
increased reactivity was due to the "nakedness" of the negative charge on the
hydroxide ion.9 While other nucleophiles can distribute the negative charge
within its molecule, hydroxide ion must react with another substrate, such as
the partially positive carbon atom of a carbonyl group, in order to distribute
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the negative charge. This stabilization of the negative charge in the transi-
tion state results in hydroxide ion having an abnormally high reactivity
relative to other anions.
Edwards and Pearson discussed the effects of basicity, polarizabil-
ity, and alpha effect on the reactivity of nucleophiles. 11 The reactivities
of some substrates depend almost entirely on the basicity of the nucleophile,
while the reactivities of other substrates depend on the polarizability of the
nucleophile.
The following reaction rate order was observed for reactions at a
saturated carbon center: C4HgS- > C6H5S > S2032- > SC(NH2)2 > I- > NC- >
NCS- > HO- > N3- > Br- > C6H50- > C1- > C5HsN > CH3COO- > H20.11 The polariz-
ability of the nucleophile paralleled its reactivity. For example, malonate
ion reacted several times faster than the ethoxide ion even though ethoxide is
500 times more basic.
The following reaction rate order was observed for reactions at a
carbonyl carbon atom: HOO- > C10- > HO- > C6H50- > NC- > C032- > C5H5N > F- =
S2032- > CH3COO- > H20.1 1 Here, the basicity of the nucleophile paralleled
its reactivity.
Nucleophiles which contain an electronegative atom having one or
more pairs of unbonded electrons adjacent to the nucleophilic atom react more
rapidly with substrates than expected; this is called the alpha effect. 11
Notable reagents of this class are hydrogen peroxide and anions of peroxides.
In general, substrates having a high positive charge and a low
number of electrons in the outer orbitals of the central atom respond more to
the basicity of nucleophile. Substrates having a low positive charge and
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many electrons in the outer orbitals of the central atom respond more to
polarizability. All substrates are influenced by the alpha effect.
Pearson classified acids and bases using a system of "hard" (high
electronegativity and low polarizability) and "soft" (high polarizability and
low electronegativity) (HSAB principle). 12 A classification scheme is shown
in Table 2. In general, hard acids prefer to bond with hard bases, while
soft acids prefer to bond with soft bases. It is possible, however, for a
soft base, sulfide ion, to bind strongly to hydrogen ion, a hard acid.
Table 2. Hard and soft acids and bases.8,12
Hard
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Reactivities associated with the HSAB principle were attributed to
(1) ionic-covalent a-bonding effects, (2) i-bonding effects, (3) electron
correlation effects, and (4) solvation effects. 12 Hard acids bind to bases
with primarily ionic forces, while soft acids bind to bases with primarily
covalent forces. Soft acids and bases are able to develop additional attrac-
tions through r-bonds. London or van der Waals dispersion forces enhance
reactivity if both groups are polarizable. Solvation will generally lessen
the reactivity of hard acids and bases and enhance the reactivity of soft
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substances. Hard solvents dissolve hard solutes well, and soft solvents
dissolve soft solutes well. 12 The solubility of the acid or base will also
affect its reactivity.
Klopman described chemical reactivity using a quantum mechanical
method.13 In this study, nucleophilicity was related to the HSAB principle.
He calculated the following nucleophilic orders under their respective condi-
tions; these orders agreed with experimental results:
1. Toward a peroxide oxygen atom (a very soft electrophile),
HS- > I- > NC- > Br- > C1- > HO- > F-
2. Toward a saturated carbon atom (a moderately soft electrophile),
HS- > NC- > I- > HO- > Br- > C1- > F-
3. Toward a carbonyl carbon atom (a hard electrophile),
HO- > NC- > HS- > F- > C1- > Br- > I-
Hard-hard interactions are charge-controlled and depend mainly on
the ionic interaction of the species. 13 Charge-controlled reactions tend to
occur between highly charged species. These species are strongly solvated
and small in size.
Soft-soft interactions, on the other hand, tend to be frontier-
controlled reactions. 13 Strong electron transfer occurs between nucleophiles
of low electronegativity and electrophiles of high electronegativity. These
species are easily polarized and have low salvation energies.
Solvents having different dielectric constants also cause variations
in nucleophilic order. Solvents having high dielectric constants enhance
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reactions between species with high polarizability and low solvation ener-
gies. 13
A number of properties have been postulated as affecting nucleophil-
icity, such as polarizability, orbital energies, hardness and softness, and
solvation energies. These properties, however, do not fully describe the
reactivity of species. 14 The concept of hardness/softness was criticized
since there is no precise definition of hardness/softness, and this property
cannot be analyzed quantitatively. Determinations of polarizability and
orbital energies are not possible in the solution phase. In general, solva-
tion energies for species of interest are not available.
One possible source of information which can be determined and
related to nucleophilicity is the standard electrode potential of the species.
Ritchie found there was a linear relationship between log k and the one-
electron oxidation potential for a series of second row nucleophiles for the
reaction with the Pyronin cation. 14 Pearson, however, found there was no
correlation between reactivity and one-electron oxidation potential for
nucleophilic reactions with methyl iodide. 15
Nucleophilic reactions have been studied in both protic and dipolar
aprotic solvents. Protic solvents, such as water, methanol and ammonia, are
strong hydrogen-bond donors. Dipolar aprotic solvents, such as dimethyl
sulfoxide and dimethylformamide, have polarities similar to protic solvents,
but are very weak hydrogen-bond donors.
Reactions typically proceed much faster in dipolar aprotic solvents
than in polar solvents. The reactant anion is much more solvated by protic
solvents than by dipolar aprotic solvents. Hydrogen bonding effects, disper-
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sion forces, ion-dipole and dipole-dipole interactions, and solvent structure
contribute to the solvation of the reactant anion, the substrate, and the
transition state. 16 Solvation of the nucleophile, however, is the most
important factor.
Nucleophilic orders were altered when the type of solvent system was
changed. 16 In protic solvents, an order toward methyl iodide of I- > NCS- =
NC- > N3- = Br- > Cl- > AcO- is observed. In aprotic solvents, the order
becomes NC- > AcO- > C1- = Br' = N3- > I- > NCS'.
Small anions tend to be strong hydrogen-bond acceptors and, thus,
are more solvated in protic solvents than large anions. The reaction rate of
small anions will be much greater in dipolar aprotic solvents than in protic
solvents. If the negative charge is dispersed by electron-withdrawing groups
or if the charge is present on a large anion, the species tends to be a weak
hydrogen-bond acceptor and is not significantly more solvated by protic
solvents than by dipolar aprotic solvents. The reaction rate of these spe-
cies, thus, will not be greatly affected when the solvent system is changed.
The structure of the solvent is also important. Large anions fit
poorly into highly structured small molecule solvents. Such solvents strong-
ly solvate small anions which can be more easily incorporated into the solvent
matrix.
Nucleophilic order, up to this point in the discussion, has been
investigated near room temperature. The character of the solvent and the
relative degree of solvation of various ions may be different at elevated
temperatures. The following studies by Gilbert, Blythe, and Smith address the
effects of temperature on nucleophilicity and basicity.
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Gilbert and Blythe investigated the reaction rates of methyl a-D-
glucopyranoside with various nucleophiles at 170°C. Gilbert reported hydrox-
ide ion cleaved the oxygen-aglycone bond about three times faster than iodide
ion. 17 Blythe found hydrosulfide ion was found to be eleven times stronger as
a nucleophile than hydroxide ion in cleavage of the oxygen-aglycone bond. 18
Hydrosulfide ion, however, was only 1.6 times as strong as hydroxide ion in
cleavage of the glycosyl-oxygen bond. 18
At room temperature, Swain and Scott reported both iodide and
hydrosulfide ions were about seven times stronger as a nucleophile than
hydroxide ion.9 The reactivity of iodide ion decreased relative to hydroxide
and hydrosulfide ions. This must be due to a decreased solvent cage surround-
ing the hydroxide and hydrosulfide ions; the nucleophilicity of hydroxide ion
increased with increasing temperature because it became less solvated at high
temperatures.
Smith studied the high temperature reactions of HO- with various
organic acids and phenols.l9 Hydroxide ion was found to be about 18 orders of
magnitude stronger as a base at 170 ° than at room temperature. Trianions and
possibly tetraanions of the tested substrates were generated. The reactions
of sodium sulfide at 170° was also studied. Sulfide ion was completely
dissociated to hydroxide and hydrosulfide ions in water, but the latter does
not contribute to the basicity of the solution.
Gas Phase Studies
Studies of nucleophilic reactions in the gas phase have made it
possible to investigate reactions without the influence of the solvent.
Nucleophilicity and leaving group ability are not intrinsic properties;
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nucleophilicity is dependent on the substrate, while leaving group ability is
dependent on the nucleophile.20 Nucleophilicity has no meaning unless given
in the context of a specific reaction. The character of the solvent at
pulping temperatures is largely unknown. At the elevated temperatures,
pulping ions may be less solvated such that changes in nucleophilic order may
occur. Gas phase reactions, therefore, were reviewed in order to better
understand relationships between solution phase, especially high temperature,
nucleophilicity and gas phase nucleophilicity.
Gas phase nucleophilic substitution reactions were investigated by
Bohme, et a7. 21 and by Brauman, et a7.22 Both found the following nucleo-
philic order toward methyl bromide, a saturated carbon center: HO- > F- =
CH30- > CH3S- >> C1- > NC- > Br-. Nucleophilic order is affected by the
methyl cation affinity for the nucleophile (similar to a measure of bulk phase
basicity) and by charge concentration (the more localized the charge, the
better the nucleophile).22 Polarizability is important in the solution phase,
but not in the gas phase.
Nucleophilic orders are reversed when reactions done in a protic
solvent (such as water) are compared to reactions done in an aprotic solvent
or in the gas phase.22 Leaving group order is similar in all three cases
(I- > Br- > C1- > F-). Most importantly, rates are much slower in a protic
solvent due to solvation of the nucleophile.
Displacement reactions at carbonyl carbons display the following
nucleophilic order in the gas phase: CH30- > F- > NC- = HS- > C1-. 23 A
similar order was found for the same reactions studied in a protic solvent.
The observed nucleophilic order parallels the basicities of the anions. The
transition state for carbonyl additions has ionic character similar to that of
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the attacking nucleophile. Thus, the effect of solvent change on relative
reactivity is minimal. 23
In contrast, nucleophilic substitution reactions at saturated
carbons display a great difference in order when the medium is changed from a
protic solvent to an aprotic solvent or gas phase.23 The saturated carbon
center under attack is only weakly polar and thus, the strength of attachment
between the carbon and the nucleophile is weaker than the nucleophile-solvent
bond strength. This results in a large desolvation energy which is respon-
sible for a major part of the activation energy.
Techniques which imitate solvation effects in the bulk phase have
been developed to measure nucleophilicities of solvated ions in the gas
phase.24 Hydration of hydroxide ion with up to three water molecules causes a
drop in reactivity with methyl bromide of 4 orders of magnitude. There is a
further difference of 12 orders of magnitude between the hydrated (three water
molecules) gas phase and solution phase cases. The energy barrier resulting
from the differential solvation of the reactants and the transition state
accounts for low reactivity in solution phase reactions. This effect is
observed as soon as two water molecules are added to a hydroxide ion.
In summary, nucleophilic order depends on the type of substrate
under attack, the type of solvent used in the reaction, the leaving group, and
the reaction temperature. Nucleophilicity is not an intrinsic property, and
any reaction order must be given with respect to the reaction conditions so
that the results of the investigation can be interpreted. The challenge is to
relate this property to our current understanding of pulping.
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MECHANISMS OF ALKALINE DELIGNIFICATION
Lignin is a complex, cross-linked, amphorous polymer. The basic
structural unit of the lignin polymer is the phenylpropane unit. These units
are principally linked together by carbon-oxygen bonds. Prominent linkages
are illustrated in Fig. 1. Their proportions in spruce and birch lignins are
shown in Table 3.25 The most important bond is the B-0-4 ether bond (type A
in Fig. 1) which constitutes about 50% of the linkages between monomeric units
in native lignin. In order to successfully remove lignin during chemical

























Table 3. Frequency of bonds between phenylpropane units.25
Proportions (%)
Bond type Spruce Birch
Arylglycerol-p-aryl ether (A) 48 60
Glyceraldehyde-2-aryl ether (B) 2 2
Noncyclic benzyl aryl ether (C) 6-8 6-8
Phenylcoumaran (D) 9-12 6
Condensation at 2- or 6-positions (E) 2.5-3 1.5-2.5
Biphenyl (F) 9.5-11 4.5
Diphenyl ether (G) 3.5-4 6.5
1,2-Diarylpropane-l,3-diol (H) 7 7
B-B Linked structures (I) 2 3
Quinone ketal (J) trace
Delignification during pulping is generally thought to occur through
nucleophilic addition and displacement reactions.6 Many of these reactions
occur through highly reactive quinonemethide intermediates (Fig. 2). A free
phenolic hydroxyl group is necessary to form a quinonemethide. Following
ionization of the phenolic hydroxyl, cleavage of the a-substituent occurs
through formation of the quinonemethide. This reaction has been proposed to
be the rate-determining step in during the initial phase of delignifica-
tion.26,27 Quinonemethides have centers of low electron density and are
subject to nucleophilic attack. The addition products (adducts) may cause
subsequent degradation of the lignin polymer. Attack is preferentially at the
a-carbon which restores the aromaticity of the phenyl ring.
Quinonemethides undergo several types of competing reactions,
including enolization, reverse aldol reactions, and nucleophilic addition,
shown in Fig. 3 as pathways A, B, and C, respectively.6 The B-hydrogen atom
can be abstracted by hydroxide ion which results in formation of a stable
vinyl ether structure (pathway A). Abstraction of the hydrogen atom from a y-
hydroxyl group, followed by reverse aldol condensation and elimination of
formaldehyde also results in formation of a vinyl ether structure (pathway B).
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CH- OAr CH- OAr CH- OAr
* = POSSIBLE SITES OF NUCLEOPHILIC ATTACK
Nu = HO, HS, AHQ, carbanions
Figure 2. Nucleophilic attack of quinonemethide intermediates under alkaline
conditions.6
Nucleophilic attack at the a-carbon atom gives rise to an adduct (pathway C).
The driving force behind nucleophilic addition and competing reactions is
aromatization of the quinonemethide. The balance between nucleophilic attack
and competing reactions is dependent on the basic and nucleophilic character
of each of the pulping reagents. Use of superior nucleophiles will favor
nucleophilic addition and subsequent degradation of the lignin over competing
reactions which tend to stabilize the lignin toward further degradation.6
Gierer claims that the nature of the pulping reagent used will
determine the reactions of the quinonemethide.6 Hydroxide ion can react as a
base and convert quinonemethides into stable vinyl ether structures. Hydrox-
ide ion can also add to the quinonemethide to produce benzyl alcohols which
then undergo epoxide formation and cleave the B-aryl ether. This reaction,
however, is considered minor for phenolic end units in the kraft system.6
Hydrosulfide ion is considered a much weaker base than hydroxide ion,l9 and
does not participate in acid-base reactions. Hydrosulfide ion can react as a










Figure 3. Reactions of quinonemethide intermediates.
Figure 3. Reactions of quinonemethide intermediates.6
cleave the B-ether.
kraft process can be
hydrosulfide ions in
The increased rate and extent of delignification in the
explained by the possible superior nucleophilicity of
comparison to hydroxide ion.6
Much of the lignin polymer is fragmented through reactions of
quinonemethides. In soda or kraft pulping, little or no cleavage of the B-
aryl ether bond is observed by direct substitution of the nucleophile on the
B-carbon atom. Rather, cleavage of the B-aryl ether bond occurs through
nucleophilic reactions of neighboring groups, specifically via participation
of a-OH and a-SH groups (shown in Fig. 4).6 The adduct is ionized by the
surrounding basic medium and then undergoes nucleophilic attack of the B-











as well as cleavage of the B-aryl ether as a phenoxide ion. The released
phenoxide ion may then undergo a similar set of reactions, leading to exten-
sive loss of polymer end groups and dissolution of the lignin component. The
three-membered ring intermediates are not end products but will further
degrade via several possible reactions.
R' R' R'
Figure 4. Neighboring group mechanism to cleave B-aryl ether bond during soda
and kraft delignification.
The bridging ability of the deprotonated a-sulfhydryl group versus
a-hydroxyl group may also be an important step in delignification. Factors
affecting the efficiency of this reaction include the acidity of the proton
attached to the heteroatom, the nucleophilicity of the ionized a-substituent,
and the ease of formation of the cyclic product or intermediate.28 Formation
of the cyclized product is influenced by bond lengths. Typical bond lengths
for sp3-C to sp3-Y are 1.81 A when Y = S and 1.41 A when Y = 0.8 Bond lengths
will be somewhat shorter when Y is ionized. Because episulfide formation
results in a less strained intermediate than epoxide formation, reactions
involving the episulfide are likely to dominate if factors other than bond
length are equal.
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Condensation reactions, the formation of new carbon-carbon bonds,
also occur during chemical pulping. Heteroatom nucleophiles compete with
carbanions for addition to the a-carbon atom of the quinonemethide (Fig. 5).
Carbanions arise from phenolate structures formed during pulping reactions and
can react with quinonemethides to produce condensation products.
Figure 5. Reaction of carbanions with quinonemethides to form condensed
lignin.
The extent of condensation depends on the ability of the heteroatom
nucleophiles to compete with carbanions for addition sites.6 Heteroatom
nucleophiles are thought to only retard but not prevent condensation reac-
tions. Structural aspects of the reactive species present also influence the
extent of condensation.6 While fragmentation reactions are predominant in
structures having B-ethers, structures without B-ethers are more likely to
yield condensation products due to the reversibility of nucleophilic addition
and the irreversibility of condensation product formation.
The reaction rate of carbanions with quinonemethides has been
determined in order to estimate the rate of condensation. Hydrosulfide ion
was found to be 13 times more reactive than 2,6-xylenol which was used as a
condensing species. 27 Gierer and Ljunggren proposed the following order for
competing reactions: B-proton abstraction < quinonemethide formation <<
formaldehyde elimination < carbanion addition < hydrosulfide addition.27
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Cleavage of the a- and B-aryl ethers from structures containing
free phenolic hydroxyl groups occurs during the initial phase of kraft pulp-
ing.29 In the initial phase, reaction rates appear to be diffusion con-
trolled, not chemically controlled; reaction conditions, such as temperature
and the concentrations of hydroxide and hydrosulfide ions, have no effect on
the amount of lignin remaining at the end of the cook.30
Alkaline cleavage of B-aryl ethers from non-phenolic units occurs
during the bulk phase of pulping. The rate of lignin removal in the bulk
phase is chemically controlled.29 Cleavage of B-aryl ethers from non-phenolic
end units requires neighboring group participation of an ionized hydroxyl or
sulfhydryl group in the a- or y-position, shown in Fig. 6.6 Cleavage of the
B-aryl ether may liberate new phenolic end units which can then undergo
reactions via quinonemethides and cause further cleavage of a- and B-aryl
ether bonds. These fast reactions do not influence the overall degradation
rate, but have a great influence on the extent of lignin degradation. In-
creasing the bulk phase temperature will slightly decrease the amount of
residual lignin remaining. Changes in the concentration of hydroxide ion do
not affect residual lignin unless there is a drastic lowering in the hydroxide
concentration; this causes condensation reactions and precipitation of lignin.
Increasing the level of hydrosulfide ion, however, causes a substantial
decrease in residual lignin.30
An analogous delignification mechanism to kraft pulping has been
proposed for the reactions of anthraquinone with lignin (Fig. 7). Anthra-
hydroquinone (AHQ), the reduced form of anthraquinone, can act as a nucleo-
phile and add to a quinonemethide to produce an adduct. In this case, how-


















Figure 6. Cleavage of B-aryl ether bonds from non-phenolic end units.6
anthraquinone and displace the 9-aryl ether. Anthrahydroquinone and anthranol
adducts of quinonemethides have been prepared at low temperatures (35-45°C)





Figure 7. Addition of anthrahydroquinone to quinonemethides and subsequent
f-aryl ether cleavage.
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The effect of different substituents in lignin model compounds was
investigated to better understand the degradation of lignin.32 ,33 These
compounds were degraded under conditions which simulate soda, kraft, and soda-
AQ pulping. The rate-determining step in soda reactions was cleavage of the
B-aryl ether bond.32 In kraft and soda-AQ reactions, however, the slow step
was quinonemethide formation. 33 The effectiveness of the additive was found
to be AHQ2- > HS-. This order appears to reflect the efficiency of the
additive to fragment the model rather than the model undergoing undesirable
competing side reactions. Additives affect the product-determining steps
rather than the rate-determining steps.
The reactions of lignin were recently investigated from the view-
point of the HSAB principle. 34 The B-aryl ether bond is described as "soft";
the most promising delignification agent, therefore would be "soft". As the
nucleophile becomes increasingly soft, HO- < HS- = I- < AHQ 2-, the degree of
lignin degradation increases.
Electron transfer mechanisms are increasingly being suggested for
reactions which have been until recently considered ionic in nature.35
Fleming, et a7. proposed a redox cycle in which hydrosulfide ion reduces
lignin and produces oxidized sulfur species during kraft delignification.36
Fleming claimed that a kinetic relationship between (1/Kappa number of pulp)
and (charge of additive) 1/2 was indicative of electron transfer. Werthemann,
however, found that this relationship was not observed over all hydrosulfide
dosages.37
Single electron transfer reactions have also been proposed to occur
during anthraquinone pulping (Fig. 8).35 The reduced form of anthraquinone,
anthrahydroquinone dianion (AHQ2-) transfers an electron to the quinonemethide
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to form an AHQ radical anion (AHQ-) and a phenoxy radical anion; the latter
then fragments to give an aryloxy radical and a B-styrene structure.
AHQCH  CH
Figure 8. Single electron transfer from anthrahydroquinone to quinonemethides
and subsequent B-aryl ether cleavage.
Evidence exists that single electron transfer reactions can occur
between lignin model compounds and AHQ2 - in organic solvents. 3 8 A square-root
dose relationship for soda-AQ pulping is indicative of a redox catalyst. 3 6
Addition of anthraquinone to a soda cook caused an increase in free radicals
observed by ESR. 3 9 The radicals observed here are associated with formation
of AHQ-. The maximum concentration of AHQ- was reached during the initial
heating phase and quickly returned to very low levels before the cooking
temperature was attained.
Dimmel and co-workers have investigated a number of reactions
involving quinonemethides. Anthrahydroquinone ion reacted faster than hydro-
sulfide and hydroxide ions in capturing quinonemethides during competitive
reactions. 40 A lignin model compound which contains a propanol group attached
to the B-carbon was reacted in a second study. In this case, the B-aryl ether
bond is efficiently cleaved by anthrahydroquinone but not by hydrosulfide or
hydroxide ions (Fig. 9).41 This suggests that anthrahydroquinone ion either
25











Reactions of B-propanol lignin model compound.41Figure 9.
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THESIS OBJECTIVES
Alkaline delignification is a multi-step process. Chemical factors
responsible for enhanced delignification in kraft pulping include: (1) the
greater nucleophilicity of hydrosulfide ion toward quinonemethides, (2) the
greater ionizability of the resulting sulfide adduct, (3) the greater nucleo-
philicity of this sulfur species during neighboring group displacement, and
(4) the greater C-S bond length which allows formation of a less strained
three-membered ring intermediate. The nucleophilicity of anthrahydroquinone
has been cited as a chemical factor responsible for enhanced delignification
in pulping systems which use anthraquinone as an additive.
Nucleophilicity has been cited as a chemical factor which may be
responsible for the effectiveness of pulping reagents. This property, how-
ever, is dependent on the type of substrate under attack as well as the
character of the solvent. Previous studies have not adequately explained the
role of nucleophilicity in delignification reactions.
The goal of this thesis was to critically examine chemical factors
which are responsible for the effectiveness of hydrosulfide and anthrahydro-
quinone ions in delignification. Emphasis was placed on determining the
nucleophilic order of hydroxide, hydrosulfide, and anthrahydroquinone ions.
Delignification reactions in which nucleophilicity was cited as a major factor
are (1) addition to the unsaturated carbon center of a quinonemethide and (2)
neighboring group displacement at a saturated carbon center which breaks a B-
aryl ether bond. Two model compounds were chosen to determine the nucleophil-
icity of hydroxide, hydrosulfide and anthrahydroquinone ions toward unsatur-
ated and saturated carbon centers at high temperatures.
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SELECTION OF MODEL COMPOUNDS
Quinonemethides are key intermediates in lignin pulping reactions.
They are believed to be attacked by nucleophiles at both their a- and B-carbon
atoms (* and **, respectively in Fig. 10). Attack of the B-carbon is predomi-
nately from internal nucleophiles located on the a- and -carbons. Nucleo-
philic addition to the a-carbon atom of a quinonemethide is likely to be a
reversible reaction; the resulting nucleophile-quinonemethide adduct can
either undergo further reaction or revert back to a quinonemethide. In
addition to the reversible nature of their reactions, quinonemethides also are
very reactive and present a number of problems in interpreting results related
to the key reaction steps associated with delignification.
CH- OAr
Figure 10. Comparison of reaction sites in a quinonemethide and model
compounds 1 and 2 (* indicates unsaturated carbon site, and **,
saturated carbon site.).
Two organic compounds unrelated to lignin were chosen to simulate
fundamental reactions which occur during alkaline delignification. The first
compound chosen was cis-cinnamic acid (1) which has an unsaturated conjugated
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carbonyl reaction site (*, Fig. 10), similar to the Ca reaction site in
quinonemethides. The expected addition-elimination reaction of nucleophiles
at this site, outlined in Fig. 11, causes 1 to rearrange to a less sterically
crowded configuration, forming trans-cinnamic acid (6). If elimination is
slow relative to protonation of the intermediates, then adducts 3-5 would be
observed. The isomerization of 1 has been previously studied in the presence
of sulfuric acid. Under acidic conditions, isomerization occurred through an
addition-elimination mechanism.42
Figure 11. Expected reaction pathway of 1.
The second compound chosen for study was 3-[3'-(a,a,-trifluoro-
methyl)phenoxymethyl]benzoic acid (2). The reaction site in compound 2 is
similar to that in a quinonemethide adduct which undergoes neighboring group
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displacement at a saturated carbon center to displace the B-aryl ether (**,
Fig. 10). The anticipated reaction pathway of 2, shown in Fig. 12, consists
of the nucleophile attacking the reactive benzyl carbon center to form a
series of primary products (7-9) and a phenolate ion (10). A benzyl aryl
ether was chosen because it is more reactive than methyl or other alkyl aryl
ethers toward SN2 reactions. 8
Figure 12. Expected reaction pathway of 2.
The degradation of 2 involves the direct displacement of the phenol-
ate group by the nucleophile. In delignification, however, the phenolate
group is displaced by a neighboring group mechanism. Factors other than
nucleophilicity, such as ionizability and bond length, may contribute to the
observed reactivity of quinonemethide adducts. In addition, the nucleophilic
species in the delignification reaction is an alkyl derivative, i.e. a mercap-
tide, not hydrosulfide ion. The reactivity of alkyl derivatives, however,
parallels that of the free ion. 8
Previous studies with model compounds similar to 2 showed the need
for an electron-withdrawing group on the leaving phenolate ion to aid the
displacement.43 Compound 11 was found to be relatively stable under the
employed reaction conditions. Compound 12, which contains a nitro group on
the phenolate portion of the molecule, was sufficiently reactive in sodium
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hydroxide solutions at 170°C. The electron-withdrawing group enhances the
reactivity of site under attack and provides additional stabilization of the
negative charge on the leaving phenolate ion. The nitro group in compound 12,
however, was not stable to hydrosulfide ion. Compound 12, therefore, was not





Structure-reactivity studies indicate that the trifluoromethyl group
is a relatively strong electron-withdrawing group, though not as strong as the
nitro group.8 The trifluoromethyl group was placed at the meta position so
that its electron-withdrawing ability would be felt only through field ef-
fects. Placement of the group at the ortho position may cause steric effects,
while placement at the para position may result in loss of fluoride ion and





Figure 13. Relationship between placement of electron-withdrawing group and
0-
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Most wood pulping is conducted in a water medium. The reactions of
this investigation were, therefore, studied in water to avoid any ambiguities
in nucleophilic order due to solvent effects. A carboxylate group was incor-
porated into 1 and 2 so that each was soluble in basic solutions.
32
SYNTHESIS
cis-CINNAMIC ACID AND ASSOCIATED DEGRADATION PRODUCTS
Compound 1 was synthesized by stereoselectively hydrogenating the
triple bond in ethyl phenylpropiolate as shown in Fig. 14. The reaction was
terminated prior to conversion of the desired product to its fully reduced
form, hydrocinnamic acid.
Undlar catalyst,
Ph-- C C- COOEt= ' C: C'C
1
Figure 14. Synthesis of model compound 1.
Several procedures were tried before the above method was found to
be successful. Hydrogenation using hydroxylamine-O-sulfonic acid, 44 isomer-
ization of trans-cinnamic acid using polyphosphoric acid,45 and hydrogenation
of phenylpropiolic acid 46 failed to yield the desired product.
The adducts of 1, compounds 3-5, were also synthesized as shown in
Fig. 15. Benzaldehyde and ethyl bromoacetate were reacted under conditions of
the Reformatsky reaction to yield 3-hydroxy-3-phenylpropionic acid (3).47 The
ethyl ester of 3 was reacted with thiourea to form 3-mercapto-3-phenylpropion-
ic acid (4).48 The AHQ-adduct of cinnamaldehyde49 (isolated as a hemiacetal)
was oxidized in the presence of chromic acid to give 10-hydroxy-10-(1-phenyl-
3-carboxypropyl)-9(1OH)-anthracenone lactone (5A). The lactone ring of 5A




Figure 15. Synthesis of products associated with the degradation of 1.
Deuterated analogs of 1 and 6 were needed to determine the isomeriz-
ation reaction mechanism of 1. Methods used to synthesize a,B-dideutero-cis-
cinnamic acid (l-a,B-d2) and a,B-dideutero-trans-cinnamic acid (6-a,B-d2 ) are
outlined in Fig. 16. Compound l-a,B-d2 was formed by subjecting ethyl phenyl-
propiolate to catalytic deuteration under conditions similar to those used to
synthesize 1. A mixture of 6-a,B-d2 and 6-B-d was obtained, via the Perkin
reaction, from deuterated benzaldehyde and deuterated acetic anhydride.50
The monodeutero product probably resulted from potassium acetate reacting with
deuterated acetic anhydride to form partially deuterated acetic anhydride.
Deuterated potassium acetate would have been a better choice for the catalyst.











Figure 16. Synthesis of deuterated analogs of cis- and trans-cinnamic acids.
DEGRADATION PRODUCTS
Compound 2 was synthesized by coupling methyl a-bromo-3-toluate and
3-(a,a,-trifluoromethyl)phenol, as shown in Fig. 17.51 This method was
effective in forming a number of compounds having an aryl ether linkage.43




Figure 17. Synthesis of model compound 2.
The primary degradation products of 2, compounds 7-9, were also
synthesized as shown in Fig. 18. Two methods for the formation of 3-(a-
hydroxymethyl)benzoic acid (7) are outlined. Conversion of 3-bromobenzyl
bromide yielded small amounts of the desired compound.52 Hydrolysis of methyl





methyl a-bromo-3-toluate with thiourea formed 3-(a-mercaptomethyl)benzoic acid
(8).53 The reaction of 3-(a-bromomethyl)benzoic acid 54 with anthrahydro-
quinone yielded 10-hydroxy-10-(3'-carboxybenzyl)-9(10H)-anthracenone (9).49








Figure 18. Synthesis of products associated with the degradation of 2.
The synthesis of an observed secondary product, 3-(3'-carboxybenzyl-
thiomethyl)benzoic acid (13), is illustrated by reactions outlined in the
bottom portion of Fig. 18. Under basic conditions, 3-(a-bromomethyl)benzoic





DEGRADATION OF cis-CINNAMIC ACID
MECHANISTIC STUDIES
The degradation of 1 was investigated in oxygen-free water solutions
which contained hydroxide, hydrosulfide, and anthrahydroquinone ions. The
reactions were followed using gas-liquid chromatographic (GLC) techniques.
The identity of each product was confirmed by comparing its GLC and GLC-mass
spectrometric (GLC-MS) properties to a synthesized or purchased sample.
The conversion of cis-cinnamic acid to trans-cinnamic acid is a
multi-step reaction. In order for this compound to be a suitable model for
investigating nucleophilic addition, the slow step should be the addition
step. If either rearrangement or elimination is the slow step, the resulting
rate constant will probably not reflect the nucleophilicity of the reagent.
Compound 1 was degraded in aqueous sodium hydroxide at 195°C to
simulate soda pulping reactions. The major product was trans-cinnamic acid
(6). The anticipated reaction scheme is outlined in Fig. 19. Hydroxide ion
can add to the double bond to produce an adduct (3). Either resonance struc-
ture of the adduct may then rearrange by a bond rotation around Ca and CB and
then eliminate hydroxide ion to produce trans-cinnamic acid (6). A mass
balance, obtained by adding the observed amounts of cis- and trans-cinnamic
acids and comparing the amount to the starting levels of each, was quite good.
The intermediate adduct 3 was not detected. Small amounts of benzaldehyde and
benzoic acid, identified by GLC-MS, probably are responsible for the small
decrease in the material balance at longer reaction times (Fig. 20). Both by-
products were also formed by heating trans-cinnamic acid in aqueous sodium
hydroxide.
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Figure 19. Reaction of 1 in the presence of hydroxide ions at 195°C.
0.0 100.0 200.0 300.0 400.0
TIME, MINUTES
500.0
Figure 20. Mass balance for the reaction of 1 in 0.787M NaOH at 195C.
Compound 3 was degraded in a aqueous sodium hydroxide under condi-
tions similar to the degradation of 1. Analysis of the product mixture showed
all of 3 was converted to 6 during the 15 minute warmup period. Based on
these results, it was concluded that the slow step was the addition step






Compound 1 was also degraded in aqueous sodium sulfide at 195°C to
simulate kraft pulping reactions. Compound 6 was the major product of the
reaction. The expected reaction pathways are a combination of those shown in
Fig. 19 and Fig. 21. Hydrosulfide ion can add to the carbon-carbon double
bond to produce adduct 4 which can then rearrange and eliminate hydrosulfide
ion to form 6. The intermediate adduct 4 was not detected by GC-MS; an
authentic sample of 4 was found to rapidly degrade to 6 under the employed
reaction conditions. There was near quantitative conversion of cis to trans
(Fig. 22). Benzaldehyde and benzoic acid were again present in small amounts.
Figure 21. Reaction of 1 in the presence of hydrosulfide ions at 195C.
When compound 1 was reacted in solutions containing high concentra-
tions (> 1M) of sodium hydroxide or sulfide, hydrocinnamic acid was also ob-
served as a product. The reactions, therefore, were studied at lower base
concentrations to minimize by-product formation and maximize conversion to 6.
The mechanism by which hydrocinnamic acid is formed was not investigated.
Compound 1 was heated in solutions containing hydroxide and anthra-
hydroquinone ions to simulate soda-AQ pulping reactions at 195°C. The major
product of the reaction was trans-cinnamic acid (6). The anticipated reaction
scheme is a combination of those outlined in Fig. 19 and Fig. 23. Anthra-










200.0 300.0 400.0 500.0
TIME, MNUTES
the reaction of 1 in 0.385M NaOH & 0.393M NaSH
adduct 5 which then can rearrange and eliminate anthrahydroquinone ion to form
6. Adduct 5 was not observed in the reaction mixture. An authentic sample of
5 was not stable under the employed reaction conditions and was rapidly
converted to 6.
, C= C
Figure 23. Reaction of 1 in the presence of anthrahydroquinone ions at 195°C.
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The material balance was somewhat less complete during reactions of
1 with anthrahydroquinone (Fig. 24); approximately 12% was not accounted as
compared to 5-8% in previous reactions (Fig. 20 and 22). Increased amounts of
benzaldehyde and benzoic acid were detected with anthrahydroquinone ion as the
nucleophile. The level of production of benzaldehyde and benzoic acid was not
sufficient, however, to account for the observed incomplete material balance.
When adduct 5 was heated in alkali, about 25% was converted to unknown prod-








0.0 100.0 200.0 300.0 400.0
TIME, MINUTES
500.0
Figure 24. Mass balance for the reaction of 1 in 0.435M NaOH & 0.118M AHQ at
An anthrone-coupled product 14 was also detected in all of the
reaction mixtures which included anthrahydroquinone ion. Compound 14 was
formed in both the presence and absence of 1. The significance of this
product is not known; however, its formation suggests a radical mechanism.
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This compound has not been reported in pulp mixtures; its production during AQ




The reversibility of the isomerization reaction was also investi-
gated by examining the reactions of trans-cinnamic acid (6) at 195'C. Com-
pound 6 was reacted in basic solutions to determine the extent of formation
of cis-cinnamic acid. Less than 1% was converted to 1 over an eight hour
period. It was concluded that there was probably no conversion of 6 to 1
during the reactions of compound 1.
ROLE OF PROTON ABSTRACTION IN ISOMERIZATION MECHANISM
The mechanism of conversion of cis to trans-cinnamic acid is of
great importance in determining nucleophilic orders. The two most plausible
mechanisms are shown in Fig. 25. The isomerization of 1 to 6 by abstraction
of an olefinic hydrogen atom was considered, primarily because hydroxide ion
is a very strong base at 170°.19 The olefinic hydrogen atoms may be acidic
enough that proton abstraction would occur.
Initial studies showed exchange of olefinic hydrogen atoms for
deuterium atoms occurred during the reactions of both cis- and trans-cinnamic
acids in sodium deuteroxide/deuterium oxide solutions at 195 0C. The role of
proton abstraction in promoting isomerization, therefore, was investigated.
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If proton abstraction caused isomerization, compound 1 could not be used for
determining the nucleophilicity of pulping reagents toward unsaturated carbon
centers. The measured reaction rate would indicate the basicity of the
reagent rather than its nucleophilicity. The role of proton abstraction in
cis-trans isomerization was further explored by examining the reactions of
a,B-dideutero-cis-cinnamic acid (l-a,B-d2) and a,B-dideutero-trans-cinnamic
acid (6-a,B-d2) to determine any isotope effects and follow changes in the
deuterium level of the products.
Figure 25. Comparison of isomerization of 1 by a nucleophilic addition-
elimination (top) to a proton abstraction mechanism (bottom).
If proton abstraction occurred and was the rate-determining step for
the isomerization of cis to trans, then the observed reaction rate of deute-
rated cis-cinnamic acid would be much less than that of the nondeuterated
compound; this is known as a primary isotope effect. Because the carbon-
deuterium bond has a lower zero-point energy than that of carbon-hydrogen
bond, the dissociation energy of the carbon-deuterium bond is greater. This
corresponds to a slower reaction rate. If a primary isotope effect is ob-
served, then the ratio of the nondeuterated compound's reaction rate to that
of a vinyl deuterated analog would be approximately 3-8.8 The reaction rate
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for an addition to the carbon center which has an attached deuterium atom will
also be affected. The presence of deuterium atoms alters the electronic
nature of the carbon atom during nucleophilic addition; its effect on the
reaction rate is known as a secondary isotope effect. A small effect on the
ratio is observed, in the order of 0.8-1.2.8 Finally, detection of a,B-
dideutero-trans-cinnamic acid during the degradation of a,B-dideutero-cis-
cinnamic acid would indicate that proton abstraction is not the pathway which
caused cis-trans isomerization.
During the initial reactions of 1-a,B-d2 with hydroxide ions at
195°C, two important findings were noted. First, a secondary isotope effect,
indicative of an addition-elimination mechanism, was observed. The ratio,
kH/kD, was equal to 1.07. An exchange of one deuterium atom, however, was
detected by mass spectroscopy. Proton NMR techniques showed that the a-
deuterium atom was exchanged (Fig. 26). These two results seemed contradic-
tory to each other, unless proton abstraction is occurring but is not respon-
sible for cis to trans isomerization.
Figure 26. Abstraction of the a-deuterium atom by hydroxide ion at 195°C.
The exchange rates of a,B-dideutero-cis-cinnamic acid (1-a,B-d2) and
a,B-dideutero-trans-cinnamic acid (6-a,B-d2) at 195°C were then investigated
in more detail (Fig. 27). After 30 minutes, nearly all of 1-a,B-d2 was
converted to l-B-d. The rate of conversion of 6-a,B-d2 was considerably
slower. The site of exchange in 6-a,B-d2 was the same (a-deuterium) as that
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in 1-e,B-d2. The exchange rate of the trans isomer is presumably slower due
to steric effects. The a-deuterium atom in 6-a,,-d 2 is protected by the
phenyl ring if all of the K-orbitals are in the same plane for maximum con-
jugation. Since the exchange rate of 6-a,B-d2 was much slower than that of 1-
a,B-d2, it should be possible to observe production of 6-a,B-d2 during the
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Figure 27. Comparison of the rate of exchange of the e-deuterium atom in
1-a,f-d 2 and 6-a,f-d 2 in 1.19M NaOH at 195°C.
The concentrations of both mono and dideutero species of the cis and
trans isomers were determined during the reaction of 1-a,B-d2 in basic solu-
tions (Fig. 28 and 29). Examination of the trans-cinnamic acid component of
the reaction revealed production of small amounts of 6-a,B-d2 during the
initial portion of the reaction (Fig. 29). It should be noted that a small
amount of 6-a,B-d2 impurity was present in the starting material 1-a,B-d2.
Production of 6-a,3-d2 leveled off and decreased as the isomerization pro-
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Figure 29. Analysis of trans component from the reaction of
















ceeded. There are two reasons why 6-a,B-d2 does not continually increase.
First, 6-a,-d 2 is derived from 1-a,n-d2 and the concentration of the latter
drops rapidly at 195°C in alkali (Fig. 28). Second, 6-a,--d2 is slowly
converted to 6-B-d (Fig. 27). The observed levels of 6-B-d (Fig. 29) can be
explained by an increased level of 1-B-d present which undergoes isomerization
to 6-B-d by addition-elimination, and the slow conversion of 6-a,B-d2 to 6-B-
d. If proton abstraction caused cis-trans isomerization, there would have
been an immediate decrease in concentration of 6-a,B-d2 instead of a small
increase.
The proposed mechanism of deuterium loss with retention of the cis
configuration is shown in Fig. 30. The a-deuterium atom is readily abstracted
by hydroxide ion to form intermediate 1-B-d2-. This species can then be
protonated by water to produce B-deutero-cis-cinnamic acid.






Figure 30. Steric considerations for proton abstraction with isomerization.
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The extra electron pair present in 1-B-d2- may be shifted so that
the negative charge is placed on an electron-demanding oxygen atom to form an
allenic intermediate (15). In the process, the hybridization of the a-carbon
atom is changed from sp2 to sp. The allenic intermediate would appear to be
the most stable form of the intermediate because both oxygen atoms, which are
more electronegative than carbon atoms, contain the negative charges. The
stereochemistry of this species is such that it will probably be protonated by
water to form cis rather than trans. If a water molecule attacks the central
carbon atom from the front side to form 6-B-d-, it must contend with the large
phenyl ring. If it attacks from the back side to form 1-B-d-, it will find a
smaller deuterium atom. Protonation on the back side should be favored.
A change in the hybridization of the a-carbon atom from sp to sp2
which places the negative charge back onto the carbon atom leads to formation
of an intermediate having the trans orientation (6- B-d2-). This intermediate
may then be protonated by water to form 6-B-d-. The energetics of the system
may not favor formation of 6-B-d2- because of the difficulty in shifting
electrons from a more electronegative oxygen atom to a less electronegative
carbon atom.
According to reactions outlined in Fig. 30, intermediate 15 would be
a common intermediate for both 1-a,f-d 2 and 6-a,B-d2 exchange reactions. If
15 is the most stable form, it would be expected that exchange of the a-
deuterium in a,B-dideutero-trans-cinnamic acid (6-a,B-d2) would result in
formation of B-deutero-cis-cinnamic acid (1-B-d). Since the isomerization
rate from trans- to cis-cinnamic acid was found to be very small, this would
suggest that 15 is not an important form.
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The behavior of vinyllithium compounds with respect to their geom-
etry has been the subject of several investigations. The isomers, cis- and
trans-propenyllithium have been reported to hold their respective geometries
during derivatization. 55 On the other hand, 1-silyl-l-alkenyllithium com-
pounds readily isomerize to the trans form, while 1-alkoxy-l-alkenyllithium
compounds slowly isomerize. 56 The silicon atom is thought to assist in the
ionization of the carbon-lithium bond to provide a linear intermediate which
then isomerizes tothe more stable form.57 Corresponding studies of vinyl-
sodium compounds have not been reported.
In summary, the isomerization of cis-cinnamic acid was caused by an
addition-elimination mechanism. Proton abstraction was not the rate-determin-
ing step since a secondary, rather than a primary, isotope effect was ob-
served. Observation of e,B-dideutero-trans-cinnamic acid production is
evidence that addition-elimination is the mode of isomerization. Proton
abstraction clearly occurred but was not responsible for the cis to trans
isomerization. It appears that vinyl carbanions are formed, that these hold
their geometry long enough to be protonated, and that a linear allenic inter-
mediate is not formed. This is the first case, to our knowledge, when car-
banion geometry is held in a conjugated carbonyl system.
KINETIC STUDIES
The general rate expression for the disappearance of a reactant
during an alkaline degradation is given by:58
Rate = d[R]/dt = -k f{[R], [HO-], [Add]) (3)
where [R] = reactant concentration, mole L 1
t = reaction time, sec
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k = rate constant, sec -1
[HO-] = hydroxide ion concentration, mole L- 1
[Add] = additive (hydrosulfide, AHQ ions, etc.) concentration, mole L-1
The rate constant is a function of temperature, pressure, and ionic
strength. Reactions of ions are strongly influenced by the ionic strength of
the medium; activity coefficients of ions are more sensitive to ionic strength
than those of neutral molecules due to the dependence of activity on equi-
librium constants.59 Reactions were conducted at constant temperature,
pressure, and ionic strength so that the rate constants could be compared.
Large excesses of hydroxide ion and additive were used so that Eq.
(3) was reduced to the following pseudo-first-order rate expression:
d[R]/dt = -kr [R] (4)
where [R] = reactant concentration, mol L-1
kr = pseudo-first-order rate constant for the disappearance of
reactant, s-1
Integration and rearrangement resulted in:
In [R] = -kr t + In [R]o (5)
where [R]o = initial reactant concentration, mol L-1
Pseudo-first-order rate constants for the disappearance of reactant
were calculated from Eq. (5) using a least squares regression technique.
Pseudo-first-order kinetics was verified by showing the reaction followed Eq.
(5) over two half lives (Fig. 31).58 Using the estimate of standard error,
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95% confidence intervals were calculated; a measure in the goodness of fit
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Figure 31. Verification of
195°C.
pseudo-first-order reaction kinetics for 1 at
Reactions in the presence of both hydroxide ion and an additive
were assumed to be parallel, independent reactions. Therefore, the pseudo-
first-order rate constant determined in Eq. (5) is the summation of the rate
constants of hydroxide ion and additive (HS-, AHQ 2-) multiplied by their
respective concentrations:
kr = kHo [HO-] + kAdd [Add]
where kHo = rate constant associated with hydroxide ion, s-1
[HO-] = concentration of hydroxide ion, mol L-1
kAdd = rate constant associated with the additive, s-





The reaction order of hydroxide ion (or additive) can be determined
by varying its initial concentration ([B]1 and [B]2).58 Using the observed
rate constants from these reactions and the corresponding concentrations of B
(hydroxide, hydrosulfide or anthrahydroquinone ions), the reaction order is
solved using Eq. (7):
log (d[R]/dt)1 - log (d[R]/dt)2
nB = (7)
log [B]l - log [B] 2
Compound 1 was degraded in oxygen-free aqueous solutions which con-
tained hydroxide, hydrosulfide, and anthrahydroquinone ions. Excesses of each
reagent were used so that their concentrations remained essentially constant
which allowed use of pseudo-first-order rate expressions. Because changes in
the ionic strength of the medium could alter the observed reaction rate, the
ionic strength was maintained at 0.78 u except where noted. The reactions of
1 were extensively studied at 195°C. The reaction was briefly investigated at
171°C to determine the effect of temperature on nucleophilic order.
Data from three degradations of 1 in 0.787M sodium hydroxide solu-
tion at 194 0C were used to determine the rate constant associated with hydrox-
ide ion. The data were analyzed using Eq. (5) to determine the observed rate
constant (Fig. 32). The specific rate constant was calculated using Eq. (6)
from the observed rate constant; this data is tabulated in Table 4. The
average value for kHo is 4.30 (± 0.30) x 10-5 sec-1.
The hydroxide ion concentration was varied (0.79M versus 0.39M) to
verify the reaction order.58 Sodium chloride was added to maintain a con-
stant ionic strength. Using the observed rate constant from this reaction
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Figure 32. Pseudo-first-order reaction of 1 in 0.787M NaOH at 1940C.
Table 4. Degradation of 1 in a sodium hydroxide solution at 194°C.
Data Set 105 x kHO, sec -1
I 4.41 + 0.23
II 4.41 ± 0.28
III 4.07 + 0.39
(Fig. 33) and Eq. (7), the reaction order was calculated to be 1.2. The
reaction was, therefore, assumed to be first-order.
Data from three degradations of 1 in a solution containing 0.385M
sodium hydroxide and 0.393M sodium hydrosulfide at 1950C were used to deter-
mine the rate constant associated with hydrosulfide ion. The data were
analyzed using Eq. (5) to determine the observed rate constant (Fig. 34). The









0.393M NaOH & 0.393M NaCI
Figure 33. Determination of reaction order for hydroxide ion at 195°C.

















SLOPE = -1.43 X 10- 5
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Eq. (6) (Table 5). The average value for kHS is 1.88 (± 0.46) x 10-5 sec1.
The experimental error is propagated through each manipulation giving large
confidence intervals in the final result.60
Table 5. Degradation of 1 in a sodium sulfide solution at 195'C.
Data Set 105 x kHS, sec -1
I 1.88 ± 0.49
II 1.58 ± 0.46
III 2.19 ± 0.44
Analysis of the sulfide solution used in these reactions showed
there was a significant amount of sulfoxy species (Table 6). Of prime impor-
tance was the level of sulfite and thiosulfate ions. These ions are known to
have nucleophilicities similar to that of hydrosulfide ion. 9
Table 6. Composition of prepared sodium sulfide solutions.
Solution NaAS, NaS03, NaASO4, NaAS 203,
Solution M . . _
I - fresh 0.945 0.056 0.0058 0.019
I - 1 wk old 0.932 0.048 0.0059 0.021
II - fresh 1.47 0.086 0.0077 0.022
The reactions of sulfite and thiosulfate ions with 1 at 195°C were
then investigated. Compound 1 was degraded in one solution containing 0.870M
sodium hydroxide and 0.0881M sodium sulfite and in a second solution contain-
ing 0.870M sodium hydroxide and 0.0890M sodium thiosulfate. Analysis of the
data showed both sulfite and thiosulfate ions were more reactive than hydro-
sulfide and hydroxide ion (Table 7). The high reactivity of these species
toward unsaturated carbon centers has not been reported. The effect of these
species (which would be present in pulping liquors) on the degradation of
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quinonemethides may be of some importance. Large confidence intervals are the
result of having only one degree of freedom for their calculation.
Table 7. Reaction rate constants of 1 at 195°C.
Rate constant x 105, sec -1
S032- 23.0 ± 4.2
S2032- 10.1 ± 8.7
The reactivity of hydrosulfide and sulfite ions was further investi-
gated to determine the reaction order of these species as well as to test
their additive effects. Thiosulfate ion was not tested because of the com-
bination of its lower concentration and lower rate constant in comparison to
sulfite ion. The contribution of thiosulfate ion, therefore, was considered
minor (less than 5%) when compared to sulfite ion (possibly as high as 50%).
Compound 1 was degraded at 195°C under conditions shown in Fig. 35. Rate con-
stants were calculated using the rate constant for hydroxide ion of 4.30 x
10-5 sec -1 (Table 8).
The data from Table 8 reveal a number of trends. The reaction order
for sulfite ion was first-order based on the two observed rate constants.
Changes in the concentrations of hydroxide or sulfite do not alter the rate
constant. The rate constants from the reactions of hydrosulfide ion, however,
are not constant and appear to vary with changes in the hydroxide concentra-
tion. There also appears to be a synergism between hydrosulfide and sulfite
based on the high rate constant observed when both hydrosulfide and sulfite
are together in significant quantities. A synergism between hydrosulfide and
sulfite ions has been noted in pulping studies.6 1
56
30.0 60.0 90.0 120.0
C 0.399M NaOH & 0.391M NaSH
11 0.793M NaOH & . 785M NaSH
TIME, MINUTES
A 0.401M NaOH & 0.0873M NaSO3
A 0.401M NaOH & 0.175M NaSO3
0 0.399M NaOH, 0.391M NaSH, & 0.0873M Na2 03
Figure 35. Comparison of reaction rates for 1 under
195°C.
the above conditions at
Table 8. Reaction rate constants of 1 at 195°C.
Conditions
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The data shown in Table 8 was examined to determine the source of






















sulfide ion (S2-) influenced the reaction rate. The concentrations of HS- and
S2- were calculated under the above conditions. The equilibrium constant K2
was varied between 10-12 and 10-17 for the calculation of [HS-] and [S2-].
There appeared to be no correlation between the concentration of sulfide ion
and the increased reaction rate at high hydroxide ion concentrations.
The reaction scheme shown in Fig. 36 was postulated as a possible
explanation for the increased reaction rate at higher hydroxide concentra-
tions. Addition to the carbon-carbon double bond is a relatively slow step.
The reverse reaction, however, is very fast so that the lifetime for the
intermediate adduct is very short. If the adduct is ionized by hydroxide ion,
the lifetime of the adduct is substantially increased because the leaving
ability of S2- would be much less than that of HS-. 8 The ionized adduct then
will have more time to rearrange and subsequently eliminate hydrosulfide ion
(after reprotonation) to form trans-cinnamic acid. In effect, the slow step
would then appear to be rearrangement rather than addition.
This reaction pathway would include a second hydroxide ion term in
the kinetic expression describing the rate of degradation:
kr = kHO [HO-] + kHO-HS [HO-] [HS-] (8)
The rate constant kHO-HS was determined using Eq. (8) and the data in Table 8.
The values of kHO-HS (Table 9) appear to be constant over the range of reac-
tion conditions. Variations appear to be dependent on the experimental error











Figure 36. Interaction of hydroxide ion during the degradation
solution containing both hydroxide and hydrosulfide
S H
HI-C-C- CH
of 1 in a
ions at 195°C.



































The slow step in the reaction of cis-cinnamic acid with hydrosulfide
ion appears to involve rearrangement. An increase in hydroxide concentration
increases the isomerization rate (Table 9). Hydrosulfide ion apparently is
such a good leaving group that it is eliminated before the adduct can rear-





tions of hydroxide ion, the frequency of successful conversion to the trans
isomer by the addition of hydrosulfide ion appears to be similar to the
reaction rate of hydroxide ion. The nucleophilicity of hydrosulfide ion,
therefore, appears to be similar to that of hydroxide ion. A definitive value
for the nucleophilicity of hydrosulfide ion, however, cannot be given due to
the complex nature of the reactions.
Data from four degradations of 1 in solutions containing approxi-
mately 0.44M sodium hydroxide and 0.12M anthrahydroquinone were used to deter-
mine the rate constant associated with anthrahydroquinone ion. The data were
analyzed using Eq. (5) to determine the observed rate constant (Fig. 37). The
specific rate constant was calculated from the observed rate constant using
Eq. (6); this data is tabulated in Table 10. The average value for kAHQ is















reaction of 1 in 0.435M NaOH & 0.118M AHQ at
60
Table 10. Degradation of 1 in a sodium hydroxide/AHQ solution at 195°C.
Data Set 105 x kAHQ, sec -1
I 9.98 ± 4.25
II 7.42 ± 3.23
III 11.23 ± 3.34
IV 7.48 ± 4.39
Because the slow step in the reaction of hydrosulfide ion with 1 was
found to be rearrangement and not addition, a similar set of experiments was
outlined to determine if different concentrations of hydroxide ion altered the
apparent rate constant associated with anthrahydroquinone ion. The concentra-
tions of hydroxide and anthrahydroquinone ions were varied to verify its
reaction order and to determine any effect by hydroxide ion. Analysis of the
data (Fig. 38) showed that the reaction order of AHQ2- was approximately one.
The rate constant associated with anthrahydroquinone ion, however, increased
with increased hydroxide ion concentration. Anthrahydroquinone ion is ap-
parently a very good leaving group. The AHQ-adduct may need to be ionized in
order for the adduct to have a sufficient lifetime to rearrange into the trans
configuration.
Rate constants of the reaction of 1 with hydroxide, hydrosulfide,
and anthrahydroquinone ions are shown in Table 11. The observed rate con-
stants, calculated using Eqs. (5) and (6), were determined under specific
reaction conditions. The true nucleophilic constants associated with hydro-
sulfide and anthrahydroquinone ions appear to be greater than those reported
in Table 11. The rate constants measure the number of reactions which cause
the isomerization of 1. Hydrosulfide and anthrahydroquinone ions, however,
appeared to add to the double bond at a greater rate than that measured by
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Figure 38. Comparison of observed reaction rates when the concentrations
of hydroxide and anthrahydroquinone ions are varied at 195°C.




appeared to be the most reactive species toward unsaturated carbon centers,
followed by hydroxide and hydrosulfide ions. Hydroxide and hydrosulfide ions
appeared to be of similar nucleophilic strength.
Rate constants for reactions investigated at 171°C were also deter-
mined (shown in Table 12) under conditions similar to the degradations de-
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scribed in Table 11. The relative nucleophilic order (AHQ2- > HO- > HS-) did
not change by lowering the reaction temperature. The relative strength of
hydrosulfide and anthrahydroquinone ions increased which may suggest that
hydroxide ion was more solvated at 171°C. If the data in Tables 11 and 12
were extrapolated to lower temperatures, a change in nucleophilic order may
exist.
Table 12. Reaction rate constants of 1 at 1710C.





The results of this study can be related to our understanding of
pulping reactions. Quinonemethides may undergo addition-elimination reactions
at an unsaturated carbon center similar to those observed for cis-cinnamic
acid. The driving force behind the reaction of cis-cinnamic acid is formation
of a more thermodynamically stable product; the energy difference between cis
and trans is approximately 3-7 kcal mol-1. 62 On the other hand, the driving
force behind quinonemethide addition is aromatization of the benzene ring,
approximately 36 kcal mol- 1.8 The quinonemethide, therefore, should be much
more reactive.
Although quinonemethides and cis-cinnamic acid exhibit large dif-
ferences in their reactivity, the reaction mechanism in both cases is likely
addition to a conjugated carbonyl carbon center. Use of cis-cinnamic acid
gives us information concerning the type of nucleophile which is most attrac-
tive to quinonemethides. If the results of the cis-cinnamic acid investiga-
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tion can be extended to quinonemethides, anthrahydroquinone ion would appear
to be a very reactive species with quinonemethides. The reason for this
enhanced reactivity may be that AHQ2- is more nucleophilic than hydroxide or
hydrosulfide ions. Hydroxide and hydrosulfide ions appear to compete for
quinonemethides at near equal levels.
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DEGRADATION OF 3-[3'-(a,a-TRIIFLUOROMETHYL)PHENOXYMETHYL]BENZOIC ACID
MECHANISTIC STUDIES
The degradation of compound 2 was investigated in oxygen-free water
solutions which contained hydroxide, hydrosulfide, and anthrahydroquinone
ions. The degradation of 2 and formation of products was followed using GLC
techniques. The identity of all products were confirmed by synthesizing or
purchasing the products and comparing their GLC and GLC-MS properties.
Compound 2 was heated in aqueous sodium hydroxide to simulate soda
pulping reactions. The expected products were observed. Hydroxide ion
displaced the phenolate ion (10) to form the primary product, 3-(a-hydroxy-
methyl)benzoic acid (7) (Fig. 39). Analysis of the reaction products, shown
in Fig. 40, indicated roughly a 100% mass balance when adding the concentra-
tions of 2 and 7; less than a perfect balance existed when adding the con-
centrations of 2 and 10.
Figure 39. Reaction of 2 in the presence of hydroxide ions at 195°C.
The stability of products 7 and 10 were investigated. Compound 7
did not react with hydroxide ion to form secondary products. Compound 10,
however, degraded after extended reaction times. Its concentration decreased
by approximately 40% over a six hour period at 195°C. The presence of hydro-
sulfide ion had no detectable effect on the degradation rate. Degradation
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products of this reaction were not determined by GLC-MS. Resorcinol, a
possible product of hydroxide substitution at the site of the trifluoromethyl
group on 3, was not observed. Resorcinol was also found to degrade under
similar conditions except at a slower rate.
9.00 -
TIME, MINUTES
Figure 40. Mass balance for the reaction of 2 in 1.04M NaOH at 195°C.
Reactions similar to those which caused the degradation of 10 did
not consume the starting material. The mass balance between 2 and the primary
product, 7, was constant while that between 2 and the product phenol, 10, was
not constant at extended reaction times; indicating only 10 was unstable.
Compound 2 was heated in solutions containing both hydroxide and
hydrosulfide ions to simulate kraft pulping reactions. Sodium sulfide was
assumed to be completely hydrolyzed in these reactions. 18 The primary prod-
ucts of the reaction were expected to be compound 7, the phenolate ion (10)
and 3-(a-mercaptomethyl)benzoic acid (8) (Fig. 41). Analysis of the reaction
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mixture showed a good mass balance between 2 and 10 (Fig. 42). Compound 7,
which was found to be stable to hydrosulfide ion, was observed in trace
amounts; this was indicative that hydrosulfide ion is a strong nucleophile.
Compound 8, however, was not observed. Instead, three secondary products, 3-
toluic acid (16), isophthalic acid (17), and 3-(3'-carboxybenzylthiomethyl)-
benzoic acid (13) were detected.
Figure 41. Reaction of 2 in the presence of hydrosulfide ions at 195°C.
An independently synthesized sample of compound 8 was degraded under
a variety of conditions to determine mechanisms responsible for formation of
16-17. The following reaction mechanism was postulated (Fig. 43). In the
presence of hydroxide ions, compound 8 degraded at a moderate rate to form
primarily 16 with small amounts of 17. Mercaptan 8 could lose elemental
sulfur and be protonated by water to form 16. Starting material 2 and inter-
mediate 8 were reacted in a sodium deuteroxide/deuterium oxide solution to
test for loss of elemental sulfur. Analysis of both product mixtures by GC-
MS showed there was incorporation of one deuterium atom into the methyl group.
This evidence supports the conclusion that the source of product 16 was the
result of carbanion formation. In the presence of hydrosulfide ions or
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Figure 42. Mass balance for the
at 195°C.
reaction of 2 in 0.958M NaOH & 0.0874M NaSH
elemental sulfur, however, compound 8 was very rapidly converted to mainly 17
with lesser amounts of 16. Polysulfide, formed from elemental sulfur, may









Compound 8 was also reacted with 2 to determine the source of 3-(3'-
carboxybenzylthiomethyl)benzoic acid (13). Analysis of the product mixture
showed formation of 16 and 17 as well as 13. Compound 13 apparently is formed
by the nucleophilic attack of 8 on the starting material.
The stability of compound 13 was also investigated. This compound
did not appear to react in solutions containing hydroxide and hydrosulfide
ions. In addition, the degradation rate of 2 was virtually unaffected by the
presence of the dimer (Fig. 44). Compound 13, therefore, was considered to be
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Figure 44. Comparison of reaction rate of 2 at 195°C in the presence of 13.
Compound 2 was degraded in solutions containing both hydroxide and
anthrahydroquinone ions to simulate soda-AQ pulping reactions. The expected








Figure 45. Reaction of 2 in the presence of anthrahydroquinone ions at 195°C.
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(3'-carboxybenzyl)-9(10H)-anthracenone (9) (Fig. 45). Analysis of the reac-
tion mixture showed a good mass balance between 2 and 10 (Fig. 46). Again,
compound 7 was observed in trace amounts, indicative of the greater nucleophi-
licity of anthrahydroquinone ion. Compound 9, however, was observed in only
trace amounts. Instead, a number of secondary products, including 16 and 17,
were detected. Moderate amounts of compounds 18 and 19 were also identified
by GC-MS. The anthrone-coupled product 14 (p. 41) was also detected.
Compounds 9 and 19 were detected as methylated derivatives after
reaction samples were treated with both dimethyl sulfate and diazomethane.
Dimethyl sulfate is necessary to methylate the phenolic and aliphatic hydroxyl
groups, and diazomethane is used to prepare methyl esters.
The reactions of the compound 9 were investigated to determine its
degradation pathways. An independently synthesized sample of 9 was found to
degrade to primarily 16 and 17 in soda and soda-AHQ reactions. Minor com-
ponents of the reaction mixture included compounds 14, 18, and 19. Compound 14
was also formed under reaction conditions in AHQ solutions which did not
contain model compounds or their degradation products. Based on these find-
ings, it was concluded that anthrahydroquinone reacted with compound 2 to form
primary product 9, and that product 9 decomposed to form the secondary prod-
ucts 16-19.
KINETIC STUDIES
Compound 2 was degraded in oxygen-free aqueous solutions which con-
tained hydroxide, hydrosulfide, and anthrahydroquinone ions. Excesses of each
reagent were used so that their concentrations remained essentially constant
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which allowed use of pseudo-first-order rate expressions. Because changes in
the ionic strength of the medium could alter the observed rate constant, the
ionic strength was maintained at 1.05 u except where noted. A temperature of
195C was also maintained for all reactions.
As in the high temperature reactions of 1, compound 2 was heated
over two half-lives to verify that the reaction followed Eq. (5). This data
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Figure 47. Verification of pseudo-first-order reaction kinetics of 2 at
195°C.
Data from three degradations of 2 in 1.05M sodium hydroxide solution
at 195°C were used to determine the rate constant associated with hydroxide
ion. The data were analyzed using Eq. (5) to determine the observed rate
constant (Fig. 48). The specific rate constant was calculated from the
observed rate constant using Eq. (6) (Table 13). The average value for kHo is
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Figure 48. Pseudo-first-order reaction of 2 in 1.05M NaOH at 195°C.
Table 13. Degradation of 2 in a sodium hydroxide solution at 195°C.
Data Set 105 x kHo, sec -1
I 5.20 ± 0.05
II 5.24 ± 0.08
III 5.15 ± 0.08
The hydroxide ion concentration was varied (1.05M versus 0.519M) to
verify the reaction order.58 Using the observed rate constants from these
reactions (Fig. 49) and Eq. (7), the reaction order was calculated to be 1.1.
The reaction was, therefore, assumed to be first-order.
Data from three degradations of 2 in a solution containing 0.958M
sodium hydroxide and 0.0873M sodium hydrosulfide at 195°C were used to deter-
mine the rate constant associated with hydrosulfide ion. The data were
73
-4.50 -





0.0 100.0 200.0 300.0 400.0 500.0
TIME, MINUTES
[ 1.05M NaOH A 0.519M NaOH
Figure 49. Determination of reaction order for hydroxide ion at 195 0C.
analyzed using Eq. (5) to determine the observed rate constant (Fig. 50).
The specific rate constant was calculated from the observed rate constant
using Eq. (6). This data is tabulated in Table 14. The average value for kHS
is 125 (± 5) x 10-5 sec -1.
Table 14. Degradation of 2 in a sodium sulfide solution at 195°C.
Data Set 105 x kHS, sec -1
I 128 ± 4
II 126 ± 6
III 120 ± 5
Compound 2 appears to react with hydrosulfide ion to form an un-
stable primary product (8). In a subsequent reaction, compound 8 may react
with the starting material to form a dimer 13. This reaction consumes start-








Figure 50. Pseudo-first-order reaction of 2 in 0.958M NaOH & 0.0874M NaSH
at 195°C.
sulfide ion. The various reactions occurring were assumed to be those listed
in Eq. (9)-(13). Rate expressions, shown in Eqs. (14)-(16), were derived to
determine the true rate constant for hydrosulfide ion. In Eq. (15), d[8]/dt




d[2]/dt = -kHo [2] [HO-] - kHS [21 [HS-] - kDimer [2] [8] (14)
d[8]/dt = {kHS [2] [HS-] - kDimer [2] [8] - k16 [8] - k17 [8]} 0 (15)
d[13]/dt = kDimer [2] [8] (16)
Compound 13 was quantified in two of the three reactions described
in Table 14. These data and the corresponding data from the disappearance of
2 were plotted as concentration-time pairs and fit in a quadratic equation
(Fig. 51). The derivatives of these equations were used to determine d[2]/dt
and d[13]/dt at various times throughout the degradation. Substitution of Eq.
(16) into Eq. (14) resulted in determination of kHS. The results from the two
sets of data were averaged to give a value for kHS of 106 x 10-5 sec -1. No
confidence intervals were assigned since the analysis resulted in large error
values due to dependence on time; a 95% confidence interval of ± 5-10 x 10-5
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Figure 51. Determination of d[2]/dt and d[13]/dt for calculation of kHS at
195°C.
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The effect of sulfoxy species on the degradation of 2 was also
investigated. Compound 2 was degraded in one solution containing 0.869M
sodium hydroxide and 0.0881M sodium sulfite and in a second solution contain-
ing 0.869M sodium hydroxide and 0.0890M sodium thiosulfate. Analysis of the
data showed both sulfite and thiosulfate ions were more reactive than hydrox-
ide ion but hydrosulfide ion remained much more reactive (Table 15). The
presence of sulfite and thiosulfate ions reduced the average value of the rate
constant for hydrosulfide ion to from 106 x 10-5 sec '1 to 103 x 10-5 sec -1.
Table 15. Reaction rate constants of 2 at 195°C.
Rate constant x 105, sec -1
S02- 43.1 ± 12.3
S2032- 47.3 ± 23.2
Data from four degradations of 2 in solutions containing approxi-
mately 0.79M sodium hydroxide and 0.087M anthrahydroquinone were used to
determine the rate constant associated with anthrahydroquinone ion. The data
were analyzed using Eq. (5) to determine the observed rate constant (Fig. 52).
The specific rate constant was calculated from the observed rate constant
using Eq. (6). This data is tabulated in Table 16. The average value for
kAHQ is 89.9 (± 8.5) x 10-5 sec-1.
Table 16. Degradation of 2 in a sodium hydroxide/AHQ solution at 195°C.
Data Set 105 x kAHQ, sec -1
I 84.8 ± 6.1
II 101.0 ± 7.6
III 83.9 ± 11.9
Rate constants of the reaction of 2 with hydroxide, hydrosulfide,







Figure 52. Pseudo-first-order reaction of 1 in 0.785M NaOH & 0.0872M AHQ at
195°C.
using Eqs. (5) and (6). Hydrosulfide and anthrahydroquinone ions were much
more nucleophilic toward saturated carbon centers than hydroxide ion.
Table 17. Reaction rate constants of 2 at 195°C.





Knowledge of the nucleophilicity of these species toward saturated
carbon centers has implication towards understanding the important steps
during pulping. The B-aryl ether can be cleaved by a neighboring group
mechanism in which the nucleophile is an attached substituent, ie. an alcohol,
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not hydroxide ion. The nucleophilicities of alcohols and mercaptans toward
saturated carbon centers are known to parallel those of hydroxide and hydro-
sulfide ions at room temperature.8 Presumably, the nucleophilicity of sub-
stituted anthrahydroquinone ions would be similar to that of anthrahydro-
quinone. The reactivity of quinonemethide adducts having internal nucleo-
philes at either the a- or r-carbon which upon ionization can displace the B-
aryl ether during a neighboring group mechanism, therefore, may parallel the
nucleophilic order reported in this study.
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CONCLUSIONS
The type of substrate under attack has a significant effect on
nucleophilic order as demonstrated by hard-soft-acid-base theory. Hydrosul-
fide and anthrahydroquinone ons were much more reactive than hydroxide ion
toward the saturated carbon center in 3-[3'-(e,a,a-trifluoromethyl)phenoxy-
methyl]benzoic acid. Toward the unsaturated carbon center in cis-cinnamic
acid, anthrahydroquinone ion was more reactive than hydroxide and hydrosulfide
ions. Hydroxide and hydrosulfide ions appear to be similar in nucleophilic
strength.
Solvation may also affect the nucleophilicity of these pulping
reagents. The enhanced reactivity of hydrosulfide ion with the saturated
carbon center compared to hydroxide ion suggests that solvation is still
present at pulping temperatures. In addition, the reactivity of hydroxide ion
toward cis-cinnamic acid relative to anthrahydroquinone and hydrosulfide ions
decreased at a lower reaction temperature. This may suggest that hydroxide
ion was becoming increasingly solvated at lower temperatures.
The efficiency of the kraft process appears to be due to the reac-
tivity of the ionized sulfide adduct which displaces the B-aryl ether by a
neighboring group mechanism. Sulfur species were found to be more nucleo-
philic toward saturated carbon centers than oxygen species. The neighboring
group displacement mechanism involves nucleophilic attack at a saturated
carbon center. The resulting sulfur adduct will, thus, react much faster to
displace the B-aryl ether because of its greater nucleophilicity.
Hydroxide and hydrosulfide would appear to have a similar reactivity
toward quinonemethides. Anthrahydroquinone ion, on the other hand, would be
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the most effective reagent in adding to quinonemethides. Its greater nucleo-
philicity toward a conjugated carbonyl carbon center may explain its effec-
tiveness as a pulping additive in catalytic amounts.
The effectiveness of hydrosulfide and anthrahydroquinone ions
appears to be influenced by the concentration of hydroxide ion. At low base
concentrations, hydrosulfide and anthrahydroquinone ion may be readily elimin-
ated from the adduct, liberating the nucleophile and a quinonemethide. At
high base concentrations, the Ca-substituent (AHQ or HS) will be ionized to a
greater extent; the ionized C-substituents will be more potent nucleophiles
(compared to the unionized forms) and effectively promote neighboring group
displacement reactions at the E-carbon. High levels of hydroxide ion, how-
ever, could also decrease the efficiency of the additive pulping process since
hydroxide ion will compete with the hydrosulfide ion during addition reactions
to quinonemethides. The resulting C,-OH adduct is less able to react via the




Melting points were determined on a Thomas Hoover capillary melting
point apparatus which was calibrated against a certified thermometer. Infra-
red (IR) spectra were obtained using sodium chloride discs on a Perkin-Elmer
700 spectrophotometer. The spectra were referenced to polystyrene film.
Nuclear magnetic resonance (NMR) spectra were obtained on a Jeol FX100 Fourier
transform spectrometer at 40°C. Deuterated dimethyl sulfoxide was used as
the solvent except when noted. All chemical shifts were referenced to inter-
nal tetramethylsilane.
Thin layer chromatography (TLC) analyses were performed on micro-
scope slides coated with silica gel (Merck GF-254). Solvent systems used for
development are described in the appropriate sections. Components were
detected by either exposing the developed chromatograms to iodine, or by
spraying the developed chromatograms with methanol:sulfuric acid (4:1, vol.)
and then charring on a hot plate (>150C).
Gas-liquid chromatography (GLC) analyses were performed on a Hew-
lett-Packard 5890A instrument equipped with a flame-ionization detector and
interfaced to a Hewlett-Packard 3392A integrator. Helium was used as the
carrier gas (20 mL min-1). The following columns and conditions were used:
(A) OV-17 (3%) on Chromosorb W HP (100-120 mesh) in glass tubing (6 ft
x 2 mm) rigged for on-column injection. The operating conditions
were: injector, 300°C; detector, 310°C; and column, 100°C for 1
minute, 10 min -1 to 200°C, 30° min -1 to 300°C, and held at 300°C.
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(B) Same as (A) except the temperature program was 130°C for 1 minute,
10° min -1 to 250°C, 30° min -1 to 300C, and held at 300C.
(C) Same as (B) except the initial column temperature was 160C.
Quantitative GLC utilized internal standards. Molar response
factors were calculated using Eq. (15):
Fx = Ar Mr (15)
where Fx = response factor of compound x relative to the internal standard
Ar = ratio of the internal standard peak area to that of compound x
Mr = mole ratio of compound x to internal standard
Values for response factors were determined by subjecting solutions of known
ratios to the appropriate workup and analytical procedure. The response
factors were calculated as the average of the values obtained. Retention
times and response factors for these analyses are given in Table 18.
Mass spectroscopy (MS) was performed on a Hewlett-Packard 5985
instrument. Spectra for individual components were obtained by either GLC-MS
or direct insertion probe-MS (DIP-MS). Separation by GLC was typically
performed on OV-17 (3%) on Chromosorb W HP (100-120 mesh) in glass tubing (6
ft x 2 mm) rigged for on-column injection. Conditions were similar to those
described above. The GLC-MS interface was maintained at 250°C. Electron
impact (EI) MS utilized helium as the carrier gas (30 mL min-1), a source
temperature of 200C, and an ionizing voltage of 70 eV. Negative chemical
ionization (NCI) MS utilized methane as the carrier gas (30 mL min-1), a
source temperature of 100C, and an ionizing voltage of 230 eV. Programming
conditions of the probe for DIP-MS were 30°C to 350°C at 30° min -1.
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Table 18. Gas Chromatographic Retention Times (Tr) and Response Factors (Fx).
Conditions Compound Tr, min Fx
A Benzaldehyde 1.9 1.77 a
A Benzoic acid 3.2 1.04b
A Phenylacetic acid 4.4 1.00b
A Hydrocinnamic acid 5.7 0872b
A cis-Cinnamic acid 6.3 0912b
A trans-Cinnamic acid 7.4 0.924b
B 3-Toluic acid 2.2 1.17 c
B 3-Hydroxybenzoic acid 4.9 1.52C
B 3-(a-Hydroxymethyl)benzoic acid 6.3 1.96c
B Isophthalic acid 6.3 1.45C
B 3-(a-Mercaptomethyl)benzoic acid 6.7 2.44c
B 3-[3'-(a,a,a-Trifluoromethyl)phenoxymethyl]-
benzoic acid 10.9 0.894C
B 4-Benzyloxybenzoic acid 12.4 1.00C
B 3-(3'-Carboxybenzylthiomethyl)benzoic acid 16.8 1.15C
B 10-Hydroxy-10-(3'-carboxybenzyl)-9(10H)-
anthracenone 22.2 1.35C
C 3-Trifluoromethylphenol 3.6 1.15d
C 4-Isopropylphenol 7.3 1.00d
aCalculated relative to phenylacetic acid.
bAs the methyl ester, calculated relative to phenylacetic acid.
CAs the methyl ester, calculated relative to 4-benzyloxybenzoic acid.
dAs the benzoate derivative, calculated relative to 4-isopropylphenol.
The amount of dissolved oxygen present in oxygen-free distilled
water was determined by treating a water sample (300 mL) with manganese
sulfate solution (1 mL) and alkali-iodide-azide reagent (1 mL), followed by
concentrated sulfuric acid (1 mL). An aliquot (201 mL) was then titrated
against standard sodium thiosulfate solution to the starch endpoint.
Sodium hydroxide concentrations were determined by titration against
potassium hydrogen phthalate to the phenolphthalein endpoint.
Sodium sulfide concentrations were determined by titration with
0.100M mercuric chloride followed with an Orion silver/sulfide specific ion
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electrode and a Orion 901 ionalyzer.63 Each sample was titrated until a
reading of -450 to -400 mV was reached. This method was found to be as
accurate as the fixed increment method of addition where the endpoint was
identified by plotting the second derivatives of mV and mL.
Anthrahydroquinone concentrations were determined by quantitative
GLC techniques. An solution of anthrahydroquinone in 0.5M sodium hydroxide
was filtered in a nitrogen atmosphere through a medium glass-sintered filter
to remove any precipitate. A standard aliquot was diluted with oxygen-free
distilled water, and aliquots of this solution were used for workup and
analysis. Each sample was oxidized by 0.01M potassium permanganate. The
internal standard, anthracene (in chloroform), was added to the mixture which
was then extracted into chloroform, dried over anhydrous sodium sulfate and
partially evaporated. Samples were analyzed using GC under the following
conditions: OV-17 (3%) on Chromosorb W HP (100-120 mesh) in glass tubing (6
ft x 2 mm) rigged for on-column injection; injector, 285°C; detector, 300°C;
and column, 200°C for 1 minute, 10 min -1 to 250C, 30° min -1 to 285C and
held at 285C. Retention times (min) were: anthracene, 3.1; and anthra-
quinone, 5.1. The response factor for anthraquinone was determined to be
1.24. There was a solubility limit of 0.20M anthrahydroquinone in 0.5M sodium
hydroxide.
SOLUTIONS, REAGENTS AND CATALYSTS
Potassium Hydrogen Phthalate
Reagent grade potassium acid phthalate was dried at 125°C overnight
and stored in a desiccator.
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Phenolphthalein Indicator
Phenolphthalein (52.8 mg) was dissolved in water-ethanol (50 mL
each) solution.
Standard Sodium Hydroxide Solution
A sufficient amount of sodium hydroxide was dissolved in C02-free
water to prepare a 0.1M solution. The solution was titrated against potassium
hydrogen phthalate to the phenolphthalein endpoint.
Standard Hydrochloric Acid Solution
Concentrated hydrochloric acid was diluted to approximately 0.2M
and standardized with a standard 0.1M sodium hydroxide solution to the phenol-
phthalein endpoint.
Oxygen-free Water
Approximately 2 liters of distilled water was placed in a 4 L flask
and was boiled until the volume of water had been reduced by approximately
one-half. The hot water was then transferred to a 1 L bottle and was degassed
with nitrogen until cool, approximately two hours. The bottle was sealed and
stored under a nitrogen atmosphere for later use.
Manganese Sulfate Solution
Reagent grade manganese sulfate monohydrate (18.24 g) was dissolved
in water with stirring and diluted to 50 mL. The solution was filtered and
stored in a glass-stoppered bottle.
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Alkali-iodide-azide Reagent
Sodium hydroxide (50.0 g) was dissolved in distilled water. Potas-
sium iodide (15.0 g) was then dissolved in the solution with the aid of heat.
The solution was then diluted to 100 mL. A solution of sodium azide (1.0 g)
in water (4 mL) was combined with the above solution, and the final solution
was stored in a paraffin-lined bottle.
Starch Indicator
Soluble starch (2.0 g) was slurried in water (10 mL) and then slowly
added to a solution of salicylic acid (0.20 g) in hot distilled water. The
solution was then diluted to 100 mL and stored in a glass-stoppered bottle.
Stock Potassium Biiodate Solution
Potassium biiodate was dried in an oven at 105°C for four hours and
cooled in a desiccator. Dried potassium biiodate (8.1233 g) was dissolved in
water, diluted to 500 mL (0.5000N) and stored in a glass-stoppered bottle.
Standard Potassium Biiodate Solution
Stock potassium biiodate solution (50.00 mL) was diluted to 1000 mL
and stored in a glass-stoppered bottle.
Standard Sodium Thiosulfate Solution
Distilled water was boiled and then allowed to cool. Sodium thio-
sulfate (3.9542 g) was dissolved in the water and diluted to 1000 mL (0.025N).
The solution was stored in an aluminum foil covered glass bottle and chloro-
form (5 mL) was added as a preservative.
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The solution was standardized prior to each use with standard
potassium biiodate solution. Potassium iodide (2.0 g) was dissolved in water
(100-150 mL). Concentrated sulfuric acid (several drops) and standard potas-
sium biiodate solution (25.00 mL) was added to the solution which was then
diluted to approximately 200 mL. The solution was titrated against standard
sodium thiosulfate solution to the starch endpoint.
Sodium Chloride
Reagent grade sodium chloride was recrystallized from ethanol:water
(2:3; vol.) mixture. Further recrystallizations were accomplished by addition
of absolute ethanol.
Sodium 4-Toluenesulfonate
Sodium 4-toluenesulfonate was recrystallized from ethanol:water
(5:2, vol.) mixture.64 Further recrystallizations were accomplished by addi-
tion of absolute ethanol.
Sodium Iodide
Reagent grade sodium iodide was dried at 50°C in a vacuum oven for
two hours.
Stock Sodium Sulfide Solution
Crystals of reagent grade sodium sulfide nonahydrate were washed in
a Buchner funnel under a nitrogen atmosphere. The wet crystals (120 g) were
transferred to a beaker containing 200 mL of oxygen-free distilled water. The
mixture was stirred until crystals were completely dissolved. This solution
was diluted to 500 mL and placed in a parafilm-sealed Nalgene bottle. This
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solution was stored under a nitrogen atmosphere. The concentration of sulfide
solutions was determined by pipetting known amounts into a solution containing
40 mL of 4M sodium hydroxide, 60 mL of oxygen-free distilled water, and 2.0 g
anhydrous sodium sulfite. Each solution was titrated against 0.100M mercuric
chloride.63
Stock Anthrahydroquinone Solution
Anthrahydroquinone was prepared using a modified method of Dean
Smith.65 All necessary equipment was placed in a glovebag which was then
deflated and inflated with nitrogen three times. A solution of sodium hydrox-
ide with known concentration (0.600M) was prepared using oxygen-free distilled
water and 30% ultrapure sodium hydroxide. Previously weighed quantities of
anthraquinone (5.2 g, 0.025 mol) and sodium dithionite (4.8 g, 0.027 mol) were
placed in a beaker with stirbar. To the beaker was added 100 mL of the
prepared sodium hydroxide solution; the mixture was stirred for at least two
hours, at which time the solution was dark red. The resulting mixture was
acidified dropwise with concentrated sulfuric acid to precipitate anthrahydro-
quinone as a yellow solid. The solid was filtered using a gas dispersion rod
and house vacuum to remove the aqueous phase. The solid was washed with
distilled water and filtered three additional times. The resulting solid was
dissolved in the prepared sodium hydroxide solution and diluted to 100 mL.
The solution was then transferred to a flask with stopper, sealed with para-
film and stored under nitrogen until use. The concentration of the solution
was determined by quantitative GLC.
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Diazomethane
In a 250 mL round bottom flask with clear glass joints was combined
5 g of potassium hydroxide, 8 mL of water, and 25 mL of absolute ethanol in
that order. The flask was fitted with a condenser and a 250 mL receiving
flask which was placed in an ice water bath. A second receiving flask (50 mL)
containing 20-25 mL of diethyl ether was connected in series to the first
receiving flask and was placed in the ice water bath also. The reaction
flask was then lowered into a water bath heated to 65-70 C. After equilib-
rium, a 125 mL dropping funnel containing a portion of the solution, 21.5 g
Diazald (Aldrich Chem. Co.) in 150 mL of ether, was attached.to the top of the
reaction flask and added dropwise. All of the solution was added after a
period of 50 minutes. An additional 40 mL ether was then added to rinse the
system. The collected diazomethane in ether was then labelled and refriger-
ated for later use.
Benzaldehyde
Reagent grade benzaldehyde was fractionally distilled (b.p. 52-53 C,
3 mm). The initial fraction was discarded, and the remainder was stored in an
amber bottle over 4 A molecular sieves..
Ethyl Bromoacetate
Reagent grade ethyl bromoacetate was fractionally distilled (b.p.
43-44°C, water aspirator). The initial fraction was discarded, and the
remainder was stored in an amber bottle over 4 A molecular sieves.
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Activated Zinc
Reagent grade zinc was rinsed with reagents in the following order:
10% sodium hydroxide, 10% acetic acid, water, absolute ethanol, acetone, and
diethyl ether. The zinc was then dried in a vacuum oven at 100°C for two
hours.
Tetrahydrofuran
Reagent grade tetrahydrofuran was fractionally distilled over
lithium aluminum hydride. The initial fraction was discarded, and the remain-
der was stored in an amber bottle over 4 A molecular sieves.
Benzil
Reagent grade benzil was recrystallized from carbon tetrachloride.
1,4-Dioxane
Reagent grade 1,4-dioxane was fractionally distilled over lithium
aluminum hydride. The initial fraction was discarded, and the remainder was
stored in an amber bottle over 4 A molecular sieves.
Potassium Cyanide
Reagent grade potassium cyanide was dried at 140°C for 48 hours.
SYNTHESIS OF COMPOUNDS
cis-Cinnamic Acid (1)
Ethyl phenylpropiolate (10.0 g, 57.4 mmol) was dissolved in hexane
(100 mL). Lindlar catalyst (Aldrich Chemical Co.) (1.0 g) and quinoline (1.0
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g) were added to the solution. The mixture was warmed to 50°C ± 5° and
flushed with nitrogen. The vessel was then flushed with hydrogen three times
and pressurized with hydrogen from a balloon. Hydrogen was added to the
balloon as needed. The reaction was monitored by TLC and GC. The reaction
was terminated after seven and one-half hours. The mixture was filtered, and
the resulting yellow filtrate was extracted with 5% hydrochloric acid solution
to remove the quinoline. The hexane layer was dried over anhydrous sodium
sulfate, and the solvent was evaporated off using a rotary evaporator. The
resulting liquid was vacuum distilled to give 6.8 g (67%) of the desired ester
(123-126°C, 3 mm Hg).
The ester (13.6 g) was refluxed in a mixture of 30 mL of 95% ethanol
and 120 mL of 10% sodium hydroxide solution for 2 hours. The product mixture
was acidified, extracted into diethyl ether, dried and evaporated to yield a
solid which was recrystallized three times from hexane to give 8.2 g (44%) of
the desired compound as a white crystalline solid: m.p. 58-60.5°C (54-56 C,46
67.5-68.0°C42 ); IR (mull).cm-1 3750 (0-H), 1950, 1880, 1810 (Ar-H overtones),
1690 (C=O), and 1630 (C=C); 1H-NMR 8 5.96 (d, J = 12.8 Hz, 1, Ph-CH=CH-COOH),
6.89 (d, J = 12.8 Hz, 1, Ph-CH=CH-COOH), 7.26-7.64 (m, 5, aryl-H), and 12.41
(br s, 0.7, COOH); 13C-NMR 8 120.9 (d, Ph-CH=CH-COOH), 127.8, 128.5, 129.3
(aryl-C), 134.7 (s, C1), 140.1 (d, Ph-CH=CH-COOH), and 167.1 (s, COOH); MS m/e
148 (65, M+), 147 (100), 131 (16), 103 (40), 102 (19), 91 (20), 77 (31), and
51 (15).
Ethyl 3-Hydroxy-3-phenylpropionate
The procedure of Rathke and Lindert 47 yielded 31.0 g (80%) of the
desired compound as a yellow-green liquid: 142-145°C, 3 mm Hg.
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3-Hydroxy-3-phenylpropionic Acid (3)
Ethyl 3-hydroxy-3-phenylpropionate (5.0 g, 26 mmol) was refluxed in
5% potassium hydroxide solution for 4.5 hours. The product mixture was
acidified with 6M hydrochloric acid, extracted into diethyl ether, dried and
evaporated. The resulting solid was recrystallized from water to yield 3.3 g
(77%) of the desired product as a white solid: m.p. 89.5-91.0°C (92-93C,66
93-94°C67 ); IR (mull) cm-1 3300 (O-H) and 1700 (C=0); 1H-NMR 8 2.55 (d, J =
7.0 Hz, 2, CH2), 4.96 (t, J = 6.8 Hz, 1, CH), 5.30 (br s, 0.6, OH), 7.1-7.4
(m, 5, aryl-H), and 11.95 (s, 0.7, COOH); 13C-NMR 6 44.5 (t, CH2), 69.5 (d,
CH), 125.6, 126.7, 127.9 (aryl-C), 144.7 (s, C1), and 171.9 (s, COOH); MS m/e
166 (43, M+), 107 (100), 79 (70), 77 (53), and 51 (14).
3-Mercapto-3-phenylpropionic Acid (4)
The procedure of Apfeld and Dimme14 8 was modified to produce the
desired compound. Ethyl 3-hydroxy-3-phenylpropionate (4.0 g, 21 mmol),
thiourea (1.7 g, 23 mmol), and concentrated hydrochloric acid (10 mL) in
water (100 mL) were refluxed with stirring for 49 hours. The mixture was then
refluxed for an additional six hours following the addition of 50% sodium
hydroxide solution (10 mL). The mixture was acidified after cooling, ex-
tracted into diethyl ether, dried and evaporated to yield an odorous white
solid was recrystallized from water in 1.81 g (45%) yield: m.p. 90-100°C
(109°C 68 ); IR (mull) cm-1 1710 (C=O); 1H-NMR and 13C-NMR showed presence of
impurities; MS m/e 182 (27, M+), 183 (3, M+1), 184 (1, M+2), 149 (31), 107
(100), 79 (24), 77 (30), 51 (12), 45 (11). GLC-MS showed presence of desired




tal69 (252 mg, 0.737 mmol) was dissolved in acetone (10 mL). A chromic acid
solution was prepared by dissolving sodium dichromate dihydrate (242 mg, 0.814
mmol) in water (5 mL) containing concentrated sulfuric acid (0.15 mL, 2.7
mmol). This solution was added to the acetone solution over a period of 15
minutes and then stirred for an additional 21 hours. The resulting mixture
was diluted with water, extracted into diethyl ether, dried and evaporated to
yield the desired product as a tan solid: m.p. 206-2099C; IR (mull) cm-1 1780
(lactone carbonyl), 1660 (carbonyl), 1600 (aromatic); 1H-NMR (DMSO-d6) 6 3.06
(d of d, J = 8 and 17 Hz, 1, CH-CHcisHtrans), 3.56 (d of d, J = 13, 17 Hz, 1,
CH-CHcisHtrans), 4.03 (d of d, J = 8, 13 Hz, 1, CH-CHcisHtrans), 6.22 (d, J =
7 Hz, 2, C2' and C6 '-H), 6.89 (t, J = 7 Hz, 2, C3, and C5'-H), 7.05 (t, J = 7
Hz, 1, C4'-H), 7.4-8.2 (m, 8, aryl-H);70 13C-NMR 6 32.1 (CH2), 57.4 (CH), 85.4
(C10), 124.7, 125.8, 126.4, 126.7, 127.5, 127.7, 128.8, 128.9, 130.2, 130.7,
132.7, 132.9, 133.1, 134.3, 134.4, 139.3, 143.0 (aryl-C), 175.4 (lactone C),
181.0 (anthracenone C);70 MS m/e 340 (10, M+), 341 (2, M+1), and 104 (100).
a,B,-Dideutero-cis-cinnamic Acid (1-a,B-d2 )
The deuterium analog of cis-cinnamic acid was synthesized in a
similar manner to that described cis-cinnamic acid. The reaction vessel was
pressurized with deuterium gas and repressurized as deuterium was consumed.
Recrystallization yielded 2.2 g (50%) of the desired product as a white
crystalline solid: m.p. 64-65°C; IR (mull) cm-1 3750 (H-0), 1950, 1890 and
1820 (aryl-H overtones), 1690 (C=0 ), and 1610 (C=C); 1H-NMR 6 7.23-7.71 (m, 5,
aryl-H), and 12.41 (s, 0.7, COOH); 13C-NMR 6 127.6, 128.3, 129.1 (aryl-C),
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134.5 (s, C1), and 166.9 (s, COOH); MS m/e 150 (74, M+), 149 (100), 133 (10),
and 105 (26).
Benzaldehyde-formyl-d
The procedure used was previously described by Burgstahler and co-
workers.71 The reaction mixture was extracted into diethyl ether, washed
with 5% sodium carbonate solution, water, and saturated sodium chloride
solution, dried over anhydrous sodium sulfate and evaporated. This yielded a
yellow liquid which was distilled (65-67°C, 3-5 mm) to give 2.11 g (39%) of
the desired product as a liquid: 1H-NMR 8 7.47-8.00 (m, aryl-H) (No peak was
observed at = 10 ppm which would correspond to ArCHO.).
a,B-Dideutero-trans-cinnamic Acid (6-a,B-d2)
The procedure of Johnson50 was modified as follows. Benzaldehyde-
formyl-d (1.01 g, 9.4 mmol), acetic anhydride-d6 (1.54 g, 14 mmol), and
potassium acetate (0.55 g, 5.6 mmol) were refluxed under nitrogen for four
hours at which time only a solid remained. The solid was dissolved in diethyl
ether and extracted into 1M sodium hydroxide. The basic solution was acidi-
fied with 6M hydrochloric acid and extracted into diethyl ether. The result-
ing product was recrystallized from a 20% ethanol-water solution to yield 0.53
g (37%) of the desired product as white-yellow platelets: m.p. 132.5-133°C;
1H-NMR (DMSO-d6) 6 6.52 (s, 0.19, Ar-CD=CH-COOH), 7.33-7.76 (m, 5, aryl-H) and
12.30 (br s, 0.8, COOH). Based on the NMR data, approximately 19% of the
product was monodeuterated and the remainder, dideuterated. The product was
sufficiently deuterated for further experiments. In order to produce fully
dideuterated product, deuterated potassium acetate or a catalyst other than
potassium acetate should be used.
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Methyl a-Bromo-3-toluate
The method described by Fuson and Cooke72 was used to obtain the
desired compound in a yield of 27.2 g (36%): m.p. 40-42.5°C (46-47 C72); IR
(mull) cm-1 1720 (C=O); 1H-NMR (CDC13) 8 3.92 (s, 3, 0-CH 3), 4.50 (s, 2,
ArCH 2-Br), and 7.32-8.06 (m, 4, aryl-H).
3-r3'-(,a.,a-Trifluoromethyl)phenoxymethyllbenzoic Acid (2)
The following procedure was modified from Haslam and co-workers who
synthesized similar compounds.51 Methyl a-bromo-3-toluate (10.0 g, 43.6 mmol)
and potassium carbonate (6.7 g, 48.3 mmol) were dissolved in acetophenone (50
mL). The solution was heated to 150°C with stirring. A solution of 3-(,a,a,-
trifluoromethyl)phenol (7.8 g, 48.4 mmol) in acetophenone (25 mL) was added
dropwise to the heated solution over a period of one-half hour. The mixture
was then allowed to react at 150C for an additional eight hours with stir-
ring. The acetophenone was then removed by steam distillation. The remaining
residue was extracted into toluene; the toluene extracts were combined and
evaporated.
The resulting liquid was added to a solution containing 10% sodium
hydroxide (100 mL) and 95% ethanol (20 mL). The mixture was refluxed for two
hours. The product was acidified, extracted into diethyl ether, dried over
anhydrous sodium sulfate and evaporated. The resulting solid was recrystal-
lized from 40% methanol in water to yield 9.2 g (71%) of the desired product
as a yellow-white solid: m.p. 116-118C; 1H-NMR 8 5.29 (s, 2, ArCH 2-O-),
7.26-8.09 (m, 8, aryl-H), and 13.06 (s, 1, COOH); 13C-NMR 6 69.1 (t,
ArCH2-O-), 111.2 (d, C2'), 117.1 (d, C6'), 118.8 (d, C4'), 128.2, 128.5,
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128.6, 130.4, 130.9, 131.7 (aryl-C), 136.8 (s, C3), 158.2 (s, C1,), and 166.8
(s, COOH); MS m/e 296 (12, M+), 135 (100), 89 (7), and 77 (8).
3-(a-Hydroxvmethyl)benzoic Acid (7)
The method of Gilman52 yielded 0.53 g (8%) of the desired product as
a yellow-white solid: m.p. 108-110°C (111°C,73 114.5-115'C52); IR (mull) cm- 1
3750 (OH), 1680 (C=O), and 1590 (aryl); 1H-NMR 6 4.59 (s, 2, ArCH2-OH), 5.33
(br s, 1, OH), 7.36-7.96 (m, 4, aryl-H), and 12.89 (br s, 1, COOH); 13C-NMR 6
62.9 (t, ArCH2-OH), 126.9, 127.3, 127.9, 130.3, 130.4 (aryl-C), 142.6 (s, C3),
and 167.0 (s, COOH); MS m/e 152 (72, M+), 135 (12), 123 (60), 107 (67), 105
(51), 89 (18), 79 (100), and 77 (100).
This compound was also prepared by refluxing a mixture containing
methyl a-bromo-3-toluate (4.0 g), concentrated sulfuric acid (6 mL) and water
(100 mL) for four hours. The solution was made basic with 10% sodium hydrox-
ide and extracted with diethyl ether to remove any starting material. The
aqueous layer was acidified, extracted into diethyl ether, dried, and evapo-
rated to yield a solid. The solid was recrystallized from water to yield
1.79 g of product identified as the above compound: m.p. 110.5-112°C; 1H-NMR
6 4.58 (s, 2, ArCH2-OH), 5.29 (br s, 1, OH), 7.36-7.96 (m, 4, aryl-H), and
12.76 (br s, 1, COOH).
3-(a-MercaptomethYl)benzoic Acid (8)
The method of Folli and Iarossi 53 yielded 3.7 g (85%) of the desired
product as a white solid: m.p. 94-97°C (105-106C53); IR (mull) cm-1 1690
(C=O), and 1580 (aryl); 1H-NMR 8 3.81 (s, 2, ArCH2-SH), and 7.34-7.96 (m, 4,
aryl-H); 13C-NMR 6 27.3 (t, ArCH2-SH), 127.3, 128.2, 128.7, 130.9, 132.1
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(aryl-C), 141.7 (s, C3), and 166.9 (s, COOH); MS m/e 168 (45, M+), 169 (4,
M+1), 170 (2, M+2), 135 (100), 89 (11), and 77 (18).
3-(a-Bromomethyl)benzoic Acid
The procedure of Tcheou and co-workers54 was modified to yield 9.6 g
(24%) of the desired product as a white solid: m.p. 151-153°C; 1H-NMR 6 4.78
(s, 2, CH2), 7.41-8.04 (m, 4, aryl-H), and 12.78 (br s, 0.7, COOH).
3-(3'-Carboxybenzvlthiomethyl)benzoic Acid (13)
3-(a-Bromomethyl)benzoic acid (2.0 g, 9.30 mmol) and 3-(a-mercapto-
methyl)benzoic acid (1.6 g, 9.45 mmol) were dissolved in 1M sodium hydroxide
(40 mL). The solution was refluxed with stirring for 8 hours. The mixture
was cooled and acidified with 6M hydrochloric acid, extracted into diethyl
ether, dried, and evaporated to yield a solid. The product was recrystallized
from 95% ethanol to yield 1.8 g (49%) of the desired product as a yellow-white
solid: m.p. 197-198°C (197°C74); IR (mull) cm-1 1685 (C=O), and 1610 (C=C);
1H-NMR 8 3.77 (s, 4, CH2), 7.35-7.90 (m, 8, aryl-H), and 12.94 (br s, 1.3,
COOH); 13C-NMR 6 34.8 (t, CH2), 127.5, 128.2, 129.3, 130.6, 132.8 (aryl-C),
138.4 (s, C3), and 166.7 (s, COOH); MS m/e 302 (11, M+), 167 (23), 135 (100),
121 (9), 89 (15), 77 (25), and 45 (12).
10-Hydroxy-10-(3'-carboxybenzyl)-9(10H)-anthracenone (9)
The method of Dimmel and Shepard49 to synthesize AHQ-adducts was
used to prepare anthrahydroquinone and the desired adduct. A sufficient
quantity of anthrahydroquinone (= 10-12 mmol) was prepared under a nitrogen
atmosphere. The solid was then dissolved in a mixture containing 30 mL of
water and 7.5 mL of 30% sodium hydroxide solution. 3-(a-Bromomethyl)benzoic
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acid (2.0 g, 9.3 mmol) was quickly added in solid form to the stirring solu-
tion. The solution immediately turned from a red to a tan color. Additional
sodium hydroxide was added, and the mixture was heated to 55-60°C for 1 hour
and then allowed to cool. The mixture was filtered to remove precipitated
anthraquinone. The filtrate was acidified, extracted into diethyl ether,
dried over anhydrous sodium sulfate, and evaporated to a yellow solid.
Recrystallization from 95% ethanol yielded 1.05 g (33%) of the desired product
as a white solid: m.p. 212-215 C; IR (mull) cm-1 3480 (H-O), 1680 (C=O), and
1590 (C=C); 1H-NMR 8 3.22 (s, 2, CH2), 6.22 (d of t, J = 1.5 Hz and 7.7 Hz, 1,
C4,-H), 6.48 (br s, 0.7, OH), 6.71 (t, J = 1.5 Hz, 1, C2'-H), 6.93 (t, J = 7.7
Hz, 1, C5'-H), 7.38-8.03 (m, 9, other aryl-H), and 12.47 (br s, 0.7, COOH);
13C-NMR 8 54.9 (t, CH2), 72.4 (s, C10), 125.1, 126.4, 126.8, 127.0, 127.4,
129.4, 130.3, 130.8, 133.0, 133.9 (aryl-C), 135.1 (s, C3'), 147.1 (s, C4a,
C5a), 166.5 (s, COOH), and 181.6 (s, Cg); MS m/e 344 (0.2, M+), 209 (100), 152
(14). Assignment of NMR chemical shifts were aided by assignments given in
Ref. 49.
4-Benzyloxybenzoic Acid (12)
The procedure for synthesis of this compound was described by Haslam
and co-workers.51 The resulting product was recrystallized from ethanol to
yield 23.6 g (86%) of the desired product as a white crystalline solid: m.p.
191-193°C (188-190-C,75 193°C 76); IR (mull) cm-1 3300-2500 (O-H), 1670 (C=0 );
1H-NMR 8 5.18 (s, 2, CH2-0), 7.09 (d, J = 9 Hz, 2, C3 and C5-H), 7.40 (m, 5,
benzyl ring protons), 7.90 (d, J = 9 Hz, 2, C2 and C6-H), and 12.62 (s, 1,
COOH).
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PROCEDURES FOR KINETIC ANALYSIS
Reaction System
The degradation experiments were carried out in a series of 4-mL
capacity pressure vessels (bombs) which were made of a 316 stainless steel. A
pressure seal was obtained by compressing a Teflon sealing ring (replaced
every other degradation run) between the bomb lip and cover with a retaining
bolt. Up to 14 bombs were placed on a metal plate which was rotated by a
motor and chain-drive system. Rotation was stopped at various times to remove
representative bombs.
The bombs and rotation assembly were placed in an oil bath contain-
ing UCON Heat Transfer Fluid 500 (Union Carbide). The bath was heated by two
500 watt knife heaters and one 250 watt knife heater. Two heaters were
constantly employed while the third was switched by an RTD digital controller
with probe (Omega Engineering 4201-PF2 and PR-11-2-100-¼-12k-E). This unit
also provided a readout of the bath temperature. The temperature was also
monitored using a thermometer which was calibrated against a certified ther-
mometer.
Preparation of Bombs for Reaction
Appropriate amounts of the reactants were weighed in air. The
reactants, equipment needed for preparing and dispensing the reaction solu-
tions, and the bombs were placed in the glovebag which was then sealed. The
air was replaced with nitrogen using a deflation-inflation cycle repeated
three times. Sodium hydroxide solutions used in degradation studies were
prepared from ultrapure sodium hydroxide (30% solution) (Alfa Products). All
solutions were prepared with oxygen-free water and dispensed by automatic
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pipet into bombs. The bombs were then filled, sealed and removed from the
glovebag.
Model Compound Degradation
The oil bath was preheated overnight to the desired temperature.
The bombs were sealed and removed from the glove bag. The bomb caps were
further tightened to minimize chances of leakage. The bombs were placed in a
rotating plate, and the assembly was placed in the oil bath. An additional
knife heater was used to counteract the subsequent temperature drop until the
temperature had risen back to within 0.3C of the desired temperature. This
heatup normally required about 5-8 minutes; a total of 15-30 minutes was
allowed for the oil bath to stabilize. After the stabilization period, bombs
representing the "0" time were removed from the oil bath and immediately
cooled in an ice-water bath. The other bombs were removed and cooled at the
desired reaction times. Each bomb was cooled in the ice-water bath for five
minutes and then opened. The bomb contents were placed in a 15 mL vial; the
bomb was then rinsed with a sodium hydroxide solution which contained internal
standard, followed by a second sodium hydroxide solution rinse. These rins-
ings were added to the vial. The contents of the vial were then worked up
depending on analytical procedures needed for the sample.
Methylation of Reaction Mixture Using Diazomethane
Each sample was transferred from its vial to a separatory funnel
(125 mL) containing water (10 mL). The solution was then acidified with 6M
hydrochloric acid (25 mL) and extracted with diethyl ether (3 x 25 mL). The
combined ether extract was dried over anhydrous sodium sulfate (3.0 g). Each
ether solution was treated with methanol (1 mL) and diazomethane in ether
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solution (2 mL, = 12-50 eq.) for 30-90 minutes. The excess diazomethane and
ether was evaporated off using a rotary evaporator to reduce the volume to 1-2
mL. The solution was transferred to an amber vial and diluted to 4-5 mL with
rinsings. The samples were then refrigerated until GC analysis.
Benzoylation of Reaction Mixture32
Each sample was transferred from its vial to an Erlenmeyer flask
(25 mL). Toluene (3 mL), benzoyl chloride (100 uL, 11 eq.) and benzyltri-
butylammonium bromide catalyst (= 8 mg) were added to each flask which was
then stoppered and stirred for 30 minutes. The aqueous layer was pipetted
off, and the toluene layer was rinsed with 1M sodium hydroxide (2 x 3 mL) and
water (2 x 3 mL); the contents were stirred for 2 minutes with each wash, and
the aqueous layer was then removed. The toluene layer was dried over 2.0 g of
anhydrous sodium sulfate for 30 minutes and transferred to an amber vial. All
samples were refrigerated until GC analysis.
Methylation of Reaction Mixture Using Dimethyl Sulfate
Each sample (containing = 0.5M sodium hydroxide) was transferred to
an Erlenmeyer flask (25 mL). Dimethyl sulfate (1.0 mL, 130 eq.) was added to
the sample which was then stirred for 15 minutes. The excess dimethyl sulfate
was neutralized by adding concentrated ammonium hydroxide (4.5 mL) and stir-
ring the solution for an additional 15 minutes. The solution was extracted
into chloroform (2 x 2 mL). The combined chloroform extract was dried over
2.0 g of anhydrous sodium sulfate and transferred to an amber vial. All
samples were refrigerated until GC analysis. This method was less consistent
than benzoylation for the analysis of phenolic components and was not routine-
ly used for their determination.
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DEGRADATIONS OF cis-CINNAMIC ACID AND RELATED COMPOUNDS
Table 19. Degradation of cis-cinnamic acid (1) in 1.06M sodium hydroxide and
0.176M sodium 4-toluenesulfonate at 195.7°C.
Time, cis-Cinnamic





































kr = 4.77 ± 0.13** x 10-5 sec -1









































kr = 5.57 ± 0.21 x 10-5 sec -1
*All concentrations are reported at reaction temperature. The thermal
expansivity of water was taken into account in determining concentrations.
The thermal expansivity of the salt solutions were assumed to be similar to
that of water.




























































kr = 2.27 ± 0.10 x 10-5 sec -1





























































Degradation of 1 in 0.71M sodium hydroxide at 195.4°C.
Time, cis-Cinnamic





































kr = 3.27 ± 0.23 x 10-5 sec -1
Degradation of 1 in 0.91M sodium deuteroxide at 195.4°C.
Time, cis-Cinnamic

























































Degradation of 1 in 1.03M sodium hydroxide at 195.9°C.
Time, cis-Cinnamic
































kr = 5.25 t 1.73 x 10-5 sec -1
Degradation of a,B-dideutero-cis-cinnamic acid (1-a,B-d2) in 1.03M




















































Table 27. Degradation of 1-a,B-d2 in 1.19M sodium hydroxide at 193.2 C.
cis-Cinnamic
acid, M





















































kD = 2.66 + 0.21 x 10-3 sec -1























































































































































































































kr = 3.47 + 0.18 x 10-5 sec -1
















































































































































































kr = 2.39 + 0.08 x 10-5 sec -1

























































































































kr = 2.52 t 0.06 x 10-5 sec -1

































































































kr = 3.16 ± 2.88 x 10-5 sec -1







kr = 5.81 + 0.11 x 10-5 sec -1




























Degradation of 1 in 0.399M sodium hydroxide and 0.391M sodium






kr = 2.35 ± 2.66 x 10-5 sec -1
Degradation of 1 in 0.793M sodium hydroxide and 0.785M sodium






kr = 6.70 ±+2.53 x 10-5 sec - 1
Degradation of 1 in
sulfite at 194.5°C.


























Degradation of 1 in 0.401M sodium hydroxide and 0.175M sodium






kr = 5.78 ± 1.56 x 10-5 sec-1
Degradation of 1 in
sulfide, and 0.175M
0.399M sodium hydroxide, 0.391M sodium hydro-




















Degradation of 1 in 0.440M sodium hydroxide and






























kr = 3.05 + 0.36 x 10-5 sec 1

























































































































kr = 3.20 + 0.26 x 10-5 sec -1
Degradation of 1 in 0.451M sodium hydroxide and






































































































kr = 6.10 ± 0.71 x 10-6 sec -1















kr = 5.72 ± 1.30 x 10-6 sec 1
Degradation of 1 in 0.481M sodium hydroxide and























































Degradation of 1 in 0.348M sodium hydroxide and
hydroquinone at 194.2 C.
0.105M anthra-
Time, cis-Cinnamic






kr = 3.07 ± 0.61 x 10-5 sec-1
Degradation of 1 in 0.654M sodium hydroxide and 0.105M anthra-















kr = 5.59 + 0.83 x 10-5 sec -1






















DEGRADATIONS OF 3-[3'-(a,a,a-TRIFLUOROMETHYL)PHENOXYMETHYL]BENZOIC ACID AND
RELATED COMPOUNDS
Table 56. Degradation of 3-[3'-(a,a,a-trifluoromethyl)phenoxymethyl]benzoic
acid (2) in 1.23M sodium hydroxide at 196.0°C.
Time, 3-[3'-(a,a,-Trifluoromethyl)-









kr = 6.56 + 0.74 x 10-5 sec -1



















kr = 6.76 + 0.21 x 10-5 sec -1
Degradation of 2 in
iodide at 195.3°C.










































Degradation of 3-(a,a,a-trifluoromethyl)phenol (10) in 1.04M sodium











kr = 2.20 ± 0.54 x 10-5 sec -1












kr = 3.51 + 0.96 x 10-5 sec- l
















Degradation of 2 in 0.955M sodium
hydrosulfide at 193.6°C.

































kr = 13.7 ± 0.6 x 10-5 sec -1
Degradation of 2 in 0.862M sodium hydroxide and 0.0878M sodium










































Degradation of dimer 13 in 0.954M






















































kr = 5.19 ± 2.29 x 10-5 sec -1




































kr = 2.38 ± 0.11 x 10-5 sec -








































































kr = 5.48 ± 0.09 x 10-5 sec -1













































































± 0.06 x 10-6) + (5.21 ± 0.64 x 10-11)t
± 0.23 x 10-7) + (-7.10 ± 2.90 x 10-1 )t
Degradation of 2 in 0.958M sodium
hydrosulfide at 194.6°C.













































16.0 ± 0.5 x 10-5 sec -1
± 0.06 x 10-6) + (4.61 ± 0.61 x l1-11)t



















































kr = 15.4 + 0.4 x 10-5 sec -1
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kr = 4.85 x 10-5 sec -1








kr = 8.31 ± 1.02 x 10-5 sec -1




















Degradation of 2 in 0.786M
hydroquinone at 194.9°C.















kr = 11.5 ± 0.5 x 10-5 sec -1



































Table 80. Degradation of 2 in 0.785M sodium






























kr = 11.4 ± 1.0 x 10-5 sec -1
